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ABSTRACT

Control of Molecular Energetics and Transport via Strong Light-Matter Interaction
by
Rong Wu

Advisor: Vinod M. Menon

Strong light-matter coupling in excitonic systems results in the formation of half-light half-matter
quasiparticles called exciton polaritons. These hybrid quasiparticles take on the best of both
systems, namely, the long-range propagation and coherence arising from the photonic component
and the nonlinear interaction from the excitonic component. We develop methods for making high
quality factor cavities and investigate the potential applications of these strongly coupled states
arising specifically in organic molecular systems.
In the first project we investigate the potential of organic dye molecules to undergo condensation
in an optical cavity at room temperature. The second study involves the use of the strongly coupled
states to enhance energy transfer in organic molecular systems. Here, surface states called Tamm
plasmon polaritons are used to realize propagating polaritons to aid in long range energy transfer.
The third project is to realize long range propagating polaritons utilizing the surface plasmon
modes that arise at the metallic surface.
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CHAPTER ONE
Introduction

Understanding and controlling energy transport processes play an important role in enhancing
energy efficiency. These days, most studies on controlling energy transport mainly rely on the
energy storing and releasing properties of natural materials, such as the absorption and emission
of light by materials. Traditional and computational driven material science researches have
contributed a variety of attractive new materials that have broad applications. However, available
materials are limited, which hinders further development in this field. To solve this problem,
besides material synthesis, we can exploit the nanostructures to engineer matter more directed for
a particular purpose. Specifically, we take advantage of the special properties possessed by halflight-half-matter quasiparticles (polaritons), which are formed by the interaction between material
excitation and light confined in nanoscale structures.
Polaritons are formed in the strong coupling regime of light-matter interaction, which are
quasiparticles that possess the characteristics of both matter and light. We can control the light and
matter components of polaritons to obtain interesting properties. This makes it possible to exploit
the best properties of both light and matter. For example, adding photons into excitons can reduce
mass and increase propagation distance. Similarly, adding excitons into photons provides extra
interaction to make photons more controllable.
Most of the work on exciton polaritons in inorganic materials have concentrated on polariton
condensation and lasing[1–9]. However, most results can only be obtained in cryogenic temperature,
which limits its application. Similar studies on organic materials have accomplished strong
1

coupling, polariton condensation and lasing, and ultra-strong coupling[10,11] in room
temperature[12–20] . Also, hybrid organic-inorganic polaritons possess interesting properties that
combine the advantages of the individual materials.[21–24]
Recently, controlling energy transfer in organic molecules with strong coupling systems has
attracted increasing research interest[25–29]. This thesis focuses on this topic -- exploiting strong
light-matter coupling in organic materials to control energy transfer as well as understanding the
fundamental light-matter quasiparticles properties.
Our goals are to develop and improve the fabrication techniques to make high quality factor (Qfactor) microcavities compatible with organic molecular systems, demonstrate new methods for
energy transport and its control, and better understand the physics of coupling nanostructured
photonic systems with organic materials.

2

2

CHAPTER TWO
Background

In this chapter, we will introduce Light-matter interaction and strong coupling polaritons.
Experimental and simulation methods that will be used in this thesis are also introduced.

2.1 Weak and Strong Coupling
In this section, we introduce light matter interaction in a cavity and the physics of cavity polaritons.
In a cavity, matter can absorb photons to form excitons and reemit photons back to the cavity. The
interaction strength between light and matter is determined by three quantities, the cavity photon
loss rate 𝛾𝑝 , the exciton nonradiative decay rate 𝛾𝑒𝑥 and light matter coupling parameter 𝑔.

The light matter interaction is classified into weak coupling regime when the characteristic
interaction time is slower than the decay rate of the photon or exciton component, 𝑔 < (𝛾𝑝 , 𝛾𝑒𝑥 ).
The weak coupling between light and matter can be treated as a perturbation term. According to
Fermi’s golden rule, the photon emission rate is proportional to the local density of states of
photons.[30] So, the cavity can enhance or suppress the light matter interaction by modifying the
density of photon states. The radiative lifetime of excitons is altered by the cavity, which is
interpreted by the Purcell factor,[31] here 𝜏𝑐 and 𝜏𝑣 are the exciton radiative lifetime is cavity and
vacuum. Q stands for the cavity quality factor and V is volume. A larger cavity quality factor Q

𝐹𝑃 =

𝜏𝑐
3
𝑄
= 2 𝜆3 ,
𝜏𝑣 4𝜋
𝑉
3
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means less photon loss, which enhances light matter interaction together with a smaller cavity
volume V.
In contrast, when the characteristic interaction time is faster than the decay rate of the photon or
exciton component, 𝑔 > (𝛾𝑝 , 𝛾𝑒𝑥 ), the light matter interaction is said to be in strong coupling
regime and cavity polaritons form in the system. [32]
The Hamiltonian of a strong coupling system consisting of a photon and an exciton can be written
as

̂=𝐻
̂𝑝 + 𝐻
̂𝑒𝑥 + 𝐻
̂𝐼
𝐻
†

†

†

†̂
̂𝑘 𝑏
̂𝑘 + 𝑔(𝑎
̂𝑘 ),
̂𝑘 𝑎
̂𝑘 + 𝐸𝑒𝑥 (𝑘)𝑏
̂𝑘 𝑏
̂𝑘 𝑏
= 𝐸𝑝 (𝑘)𝑎
𝑘+𝑎
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here 𝑎̂𝑘† , 𝑎̂𝑘 , 𝑏̂𝑘† , 𝑏̂𝑘 are the creation and annihilation operators of the photon and exciton. 𝑘 is
momentum and 𝑔 is the light matter coupling parameter. This Hamiltonian neglects the term 𝑎̂𝑘† 𝑏̂𝑘†
and 𝑎̂𝑘 𝑏̂𝑘 since it is within rotating wave approximation. [33]
This Hamiltonian can be diagonalized into

̂ = 𝐸𝐿𝑃 (𝑘)𝑃̂𝑘† 𝑃̂𝑘 + 𝐸𝑈𝑃 (𝑘)𝑄̂𝑘† 𝑄̂𝑘 ,
𝐻

2-3

here 𝐸𝐿𝑃 (𝑘) and 𝐸𝑈𝑃 (𝑘) are the energy of the new eigenstates, which are called the lower polariton
and upper polariton. The annihilation operators of the lower and upper polariton are given by

4

𝑃̂𝑘 = 𝑋𝑘 𝑏̂𝑘 + 𝐶𝑘 𝑎̂𝑘 ,

2-4

𝑄̂𝑘 = −𝐶𝑘 𝑏̂𝑘 + 𝑋𝑘 𝑎̂𝑘 .

𝑋𝑘 and 𝐶𝑘 are called the Hopfield coefficients representing the fractions of photon and exciton
components in polaritons. Also,

|𝑋𝑘 |2 + |𝐶𝑘 |2 = 1.

2-5

The energy of the lower and upper polariton can be obtained by solving the characteristic equation
of Hamiltonian 2-2,
𝐸𝑝 (𝑘) − 𝐸
|
𝑔

𝑔
| = 0,
𝐸𝑒𝑥 (𝑘) − 𝐸

2-6

we get

1

𝐸𝐿𝑃,𝑈𝑃 (𝑘) = 2 [𝐸𝑝 (𝑘) + 𝐸𝑒𝑥 (𝑘) ± √4𝑔2 + (𝐸𝑝 (𝑘) − 𝐸𝑒𝑥 (𝑘))2 ].
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When 𝐸𝑝 (𝑘) = 𝐸𝑒𝑥 (𝑘), the difference of 𝐸𝐿𝑃 (𝑘) and 𝐸𝑈𝑃 (𝑘) is the Rabi splitting 2𝑔.
If we include the decay rates of the photon and exciton, the characteristic equation becomes

|

𝐸𝑝 (𝑘) + 𝑖𝛾𝑝 − 𝐸
𝑔

𝑔
| = 0,
𝐸𝑒𝑥 (𝑘) + 𝑖𝛾𝑒𝑥 − 𝐸

and the solutions are

5

2-8

1
𝐸𝐿𝑃,𝑈𝑃 (𝑘) = [𝐸𝑝 (𝑘) + 𝐸𝑒𝑥 (𝑘) + 𝑖(𝛾𝑝 + 𝛾𝑒𝑥 )
2

2-9

± √4𝑔2 + (𝐸𝑝 (𝑘) − 𝐸𝑒𝑥 (𝑘) + 𝑖(𝛾𝑝 + 𝛾𝑒𝑥 ))2 ].

2.2 Cavity and Polariton
2.2.1 Planar Cavity
We use optical microcavity to realize light confinement. A schematic diagram of a planar cavity
(Fabry-Perot cavity) is shown in Figure 2-1.

Figure 2-1 The schematic diagram of a typical planar cavity.

The optical microcavity is composed by two parallel mirrors facing each other to reflect light back
and forth inside the space. Besides metallic mirrors like silver, the distributed Bragg rectors (DBRs)
are also frequently applied. The properties of the cavity depend on the distance between the two
mirrors d, refractive index of the filling medium of the space n, and the reflectance of the two
mirrors R1 R2. Assume there is only light leakage out of the cavity but no absorption by the filling
medium. For normal incident light of wavelength λ, the transmission of the cavity is given by:

6

𝑇=

1
2-10

𝛿
1 + 𝐹𝑠𝑖𝑛2 (2)

Where F is the coefficient of finesse:
4√𝑅 𝑅

𝐹 = (1−√𝑅1 𝑅2 )2.
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1 2

It is equivalent to the cavity finesse F, for R>0.5,
1

F=

𝜋

𝜋(𝑅1 𝑅2 )4

1
)
√𝐹

2𝑠𝑖𝑛−1 (

≈ 1−√𝑅

1 𝑅2
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and the phase difference of the transmission after each reflection:
𝛿=

4𝜋𝑛𝑑
𝜆

.

2-13

The cavity resonance condition is that the cavity thickness d equals to an integer multiplying half
wavelength of incident light,

𝑑=𝑚

𝜆
, 𝑚 = 1,2,3 …
2𝑛

7
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Figure 2-2 The transmission and reflection of Silver-Silver cavity calculated using
Transfer Matrix Method.

So, for a cavity with thickness d, lights satisfying the resonance condition 𝜆𝑚 =

2𝑛𝑑
𝑚

or

𝜋𝑐

equivalently 𝜔𝑚 = 𝑚 𝑛𝑑 , are selected by the cavity and appear as the peaks in transmission
spectrum or dips in reflection spectrum.
Figure 2-2 shows a silver-silver cavity filled with 1μm transparent polystyrene (n≈1.59). The
reflectance and transmission are calculated using Transfer Matrix Method (section 2.3.3).

2.2.2 DBR
High reflectivity mirrors are formed from distributed Bragg reflectors (DBRs), which is
manufactured by periodic multiple layers of alternating materials with different refractive indices.
Light undergoes partial reflection at the interface of these two materials. The thickness of each
layer is 𝑑 = 𝜆/4𝑛, so for light with wavelength close to four times of the layers optical thickness,
the reflected light from each interface interfere constructively. Within a certain wavelength range
the multi-stack acts as a perfect reflector. The high reflection wavelength range is called the
stopband of the DBR. In addition, the stopband center wavelength can be easily tuned by varying
the optical thickness of each layer.
The bandwidth is determined by the refractive index contrast of the two materials with the relation
shown in equation 2-15.

8

𝛥𝑓 = 𝑓0

4 −1 |𝑛1 − 𝑛2 |
sin (
)
𝜋
𝑛1 + 𝑛2
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Here 𝛥𝑓 is the frequency bandwidth and 𝑓0 is the center frequency of the DBR. 𝑛1 and 𝑛2 are the
refractive indices of these two materials.
The total reflectivity (R) from the multi-layer stack is given by
2

𝑛0 × 𝑛1 2𝑚 − 𝑛𝑠 × 𝑛2 2𝑚
𝑅=(
)
𝑛0 × 𝑛1 2𝑚 + 𝑛𝑠 × 𝑛2 2𝑚
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Here 𝑛0 is the refractive index of the incident medium. 𝑛1 𝑎𝑛𝑑 𝑛2 are the refractive indices of
these two materials. 𝑛𝑠 is the refractive index of the outgoing medium (bottom substrate material),
and m is the number of pairs of the alternating layers structure. [34]
Figure 2-3 shows a 12 pairs DBR consisting of SiNx and SiO2. The central wavelength of the DBR
stop band is at 580 nm. The thickness and refractive index of each SiNx layer is d SiNx= 72.5 nm,
nSiNx=2; and of each SiO2 layer is dSiO2= 97.86, nSiO2=1.48. Figure 2-3 (a) is the DBR structure, (b)
is the index of the layers and corresponding electric field distribution, and (c) is the reflectivity
spectrum calculated using Transfer Matrix Method.

Figure 2-3 (a) The diagram of DBR structure. (b) The refractive index and corresponding
electric field distribution of the DBR structure. (c) The reflectivity of the DBR structure.
9

A cavity between two DBR mirrors filled by polymer layers with a specified thickness can create
a reflection dip within the DBR stop band corresponding to the cavity mode. The distance
between these two mirrors is the same order of the light wavelength we choose so that light is
confined in the cavity. Different mode wavelengths can be realized by varying the cavity
thickness.
Figure 2-4 shows a 10-pairs top and 12-pairs bottom SiNx/SiO2 DBR-DBR cavity, centered at 580
nm, filled with 180 nm thick transparent polystyrene. Figure 2-4 (a) is the sample structure, (b) is
the index of the layers and corresponding electric field distribution, and (c) is the reflectivity
spectrum calculated using Transfer Matrix Method.

Figure 2-4 (a) The DBR cavity structure. (b) The refractive index and corresponding electric
field distribution of the DBR cavity structure. (c) The reflectivity of the DBR cavity structure.

2.2.3 Dispersion
When we detect the transmitted light along a direction other than the normal direction of the layers,
the reflection spectrum and stopband center will blue shift. So, the cavity mode wavelength
⃗∥ =
depends on the outgoing angle. A schematic diagram is shown in Figure 2-5(a). Here 𝑘
10

⃗,𝑘
⃗ ∥ is the in-plane wavevector, and θ is the incident/outgoing angle. Figure 2-5(b) is the
sin (𝜃) 𝑘
reflectivity simulation result for three different angles and Figure 2-5(c) is the calculated energy
of the reflectivity minimum for different incident angle (θ).
The angle resolved reflection measurements, carried out by Fourier space image (section 2.3.1),
also called k-space image, map the absorption dip energy to the in-plane momentum dispersion.

Figure 2-5 (a) The DBR cavity structure. (b) The simulation results of reflectivity for three
different incident angles. (c) The dispersion of energy versus incident angle.

Figure 2-6 The dispersion of a photon-exciton strong coupling cavity polariton.
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2.2.4 Cavity Polariton
Polariton can be considered as a quasiparticle created by a photon that is strongly coupled to
electric dipoles, such as excitons which is electron-hole pairs bound by the Coulomb attraction.
Planar cavities can enhance the photon confinement. With the photons confined inside the cavity,
we can generate polaritons by introducing excitons whose absorption wavelength overlaps the
cavity mode. Many materials such as ZnO[35,36], GaN[37] and varies of 2D materials[38,39]are found
to be good sources of excitons to generate strong coupling at room temperature. In this project,
excitons are created by the organic dye dispersed in a transparent polymer matrix.
The dispersion of a photon-exciton strong coupling cavity polariton is shown schematically in
Figure 2-6. In Figure 2-6 (a), the black dashed line is the cavity mode dispersion and the yellow
solid line shows the exciton dispersion. The blue and red solid lines are the upper and lower
polariton dispersions. (b) is the k-space image of angle-resolved reflectivity measurements from a
silver-silver cavity filled with dye mixed polystyrene. The reflection image shows a clear anti-

Figure 2-7 The dispersion of (a) positive (b) zero (c) negative detuning. The black dash curve
line is for the cavity mode. The yellow solid straight line is the exciton energy without k
dispersion. The blue and red solid curve lines in (c) are the upper and lower polariton states,
respectively.
12

crossing dispersion of upper and lower cavity polaritons in the strong exciton-photon coupling
regime.

2.2.5 Polariton Detuning
Detuning of a cavity polariton is an important parameter, which is defined as
δ = 𝐸𝑐𝑎𝑣𝑖𝑡𝑦 − 𝐸𝑒𝑥𝑐𝑖𝑡𝑜𝑛
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Figure 2-7 (a) shows when positive detuned, the cavity dispersion curve lies above the free exciton
with no overlap; Zero detuning means the energy of cavity at 0°equals that of exciton (Figure 2-7
(b) ); When the cavity mode zero degree energy is lower than the exciton, 𝐸𝑐𝑎𝑣𝑖𝑡𝑦 − 𝐸𝑒𝑥𝑐𝑖𝑡𝑜𝑛 < 0,
it is called the negative detuning and the cavity mode dispersion intersects with the exciton line as
shown in Figure 2-7 (c). A larger energy difference means the hybrid state has smaller exitonic
content, so the lower polariton is more photon-like. In opposite, a smaller energy difference, means
the lower polariton is more exciton-like. All samples used in this thesis have negative detuning.

Figure 2-8 The schematic diagram of Fourier Imaging.
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2.3 Experiment and Simulation Methods
2.3.1 k-space Image
The angle-resolved measurements in this thesis are conducted by Fourier imaging technique.[40]
This widely used technique can map the emission light from different angles in a single
measurement by placing the sample at the focal plane of a convex lens and detecting from the other
side on the focal plane, as shown in Figure 2-8.
Light with the same outgoing angle θ but different real space position will focus on the same spot
at the image side focal plane, which is called the Fourier Plane. In our experimental setup, we can

Figure 2-9 The schematic diagram of a k-space imaging setup.

Figure 2-10 The schematic diagram of a real-space imaging setup.
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add a second or third lens to form image into the camera detector as shown below in Figure 2-9.
Figure 2-9 shows the side view of a set up used in angle-resolved image measurements. The second
lens is added at a position satisfying the convex lens geometric imaging relation to focus light from
different angle to the entrance slit of the monochromator which eventually focus the light onto the
CCD (charge coupled device) pixel array. Here the monochromator disperses the light and finally
produces a 2D intensity map of angle and wavelength. The angle and wavelength can be easily
converted to wave vector k and energy, for k-space energy dispersion. Figure 2-10 shows the real
space imaging setup as a comparison.

2.3.2 Transfer Matrix Method
The reflection simulation of the multilayer structures is calculated using Transfer Matrix Method.
The transfer matrix connects the incident and outgoing waves at both boundaries of an optical
system, as shown in Figure 2-11.

[

𝑏 (2)
𝑎(1)
]
=
𝑀
[
].
𝑎(2)
𝑏 (1)

Figure 2-11 The transfer matrix of an optical system connects the incident and
outgoing waves on both boundaries.
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Let r, t be the field reflection and transmission coefficient of the system for incidence from left
and 𝑟 ′ , 𝑡 ′ be the field reflection and transmission coefficient for incidence from right, the transfer
matrix of the system is given by [47]
𝑟𝑟 ′
𝑡− ′
𝑡
𝑀=[
𝑟
− ′
𝑡

𝑟′
𝑡 ′ ].
1
𝑡′

2-19

Transfer matrix is useful in calculating the transmission and reflection property of a compound
system because it is serial multiplicative. For a compound system consisting of n subsystems
whose transfer matrices are denoted as 𝑀1 , 𝑀2 ,…, 𝑀𝑛−1 , 𝑀𝑛 , as shown in Figure 2-12, the transfer
matrix for the combined system is given by
𝑀 = 𝑀𝑛 𝑀𝑛−1 ⋯ 𝑀2 𝑀1 .
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Therefore, for a multi-layer system, we can calculate the transfer matrix of the system if we know
the index of refraction and thickness of each layer. Denote the index of refraction and thickness of

Figure 2-12 The transfer matrix of a system consisting of n subsystems.
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the ith layer as 𝑛𝑖 and 𝑑𝑖 . The reflection and transmission coefficients of the electric field amplitude
at the interface between the ith and (i+1)th layer are given by Fresnel equations. For normal
incidence, we have

𝑡=

2𝑛𝑖
2𝑛𝑖+1
𝑛𝑖 − 𝑛𝑖+1 ′ 𝑛𝑖+1 − 𝑛𝑖
, 𝑡′ =
,𝑟 =
,𝑟 =
.
𝑛𝑖 + 𝑛𝑖+1
𝑛𝑖 + 𝑛𝑖+1
𝑛𝑖 + 𝑛𝑖+1
𝑛𝑖 + 𝑛𝑖+1
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Substitute into Eq. 2.19, we can get the transfer matrix of the ith interface,
𝑛𝑖 + 𝑛𝑖+1
2𝑛
𝑀𝑖 = 𝑛 𝑖+1
𝑖+1 − 𝑛𝑖
[ 2𝑛𝑖+1

𝑛𝑖+1 − 𝑛𝑖
2𝑛𝑖+1
𝑛𝑖 + 𝑛𝑖+1 .
2𝑛𝑖+1 ]
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When light incidents the ith interface with an angel 𝜃𝑖 to its normal direction, then the angel of
refraction in the (i+1)th layer is 𝜃𝑖+1 and they are related by Snell’s law sin𝜃𝑖 𝑛𝑖 = sin𝜃𝑖+1 𝑛𝑖+1 . If
the electric field is perpendicular to the plane of incidence, the Fresnel equations [42] are

𝑡=

2𝑛𝑖 cos 𝜃𝑖
2𝑛𝑖+1 cos 𝜃𝑖+1
, 𝑡′ =
,
𝑛𝑖 cos 𝜃𝑖 + 𝑛𝑖+1 cos 𝜃𝑖+1
𝑛𝑖 cos 𝜃𝑖 + 𝑛𝑖+1 cos 𝜃𝑖+1
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𝑟=

𝑛𝑖 cos 𝜃𝑖 − 𝑛𝑖+1 cos 𝜃𝑖+1 ′ 𝑛𝑖+1 cos 𝜃𝑖+1 − 𝑛𝑖 cos 𝜃𝑖
,𝑟 =
.
𝑛𝑖 cos 𝜃𝑖 + 𝑛𝑖+1 cos 𝜃𝑖+1
𝑛𝑖 cos 𝜃𝑖 + 𝑛𝑖+1 cos 𝜃𝑖+1
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Therefore, the transfer matrix of the ith interface is

𝑛𝑖 cos 𝜃𝑖 + 𝑛𝑖+1 cos 𝜃𝑖+1
2𝑛𝑖+1 cos 𝜃𝑖+1
𝑀𝑖 =
𝑛𝑖+1 cos 𝜃𝑖+1 − 𝑛𝑖 cos 𝜃𝑖
[
2𝑛𝑖+1 cos 𝜃𝑖+1

𝑛𝑖+1 cos 𝜃𝑖+1 − 𝑛𝑖 cos 𝜃𝑖
2𝑛𝑖+1 cos 𝜃𝑖+1
𝑛𝑖 cos 𝜃𝑖 + 𝑛𝑖+1 cos 𝜃𝑖+1
]
2𝑛𝑖+1 cos 𝜃𝑖+1
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If the electric field is parallel to the plane of incidence, the Fresnel equations are

𝑡=

2𝑛𝑖 cos 𝜃𝑖
2𝑛𝑖+1 cos 𝜃𝑖+1
, 𝑡′ =
,
𝑛𝑖 cos 𝜃𝑖+1 + 𝑛𝑖+1 cos 𝜃𝑖
𝑛𝑖 cos 𝜃𝑖+1 + 𝑛𝑖+1 cos 𝜃𝑖
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𝑟=

𝑛𝑖 cos 𝜃𝑖+1 − 𝑛𝑖+1 cos 𝜃𝑖 ′ 𝑛𝑖+1 cos 𝜃𝑖 − 𝑛𝑖 cos 𝜃𝑖+1
,𝑟 =
.
𝑛𝑖 cos 𝜃𝑖+1 + 𝑛𝑖+1 cos 𝜃𝑖
𝑛𝑖 cos 𝜃𝑖+1 + 𝑛𝑖+1 cos 𝜃𝑖
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The transfer matrix of the ith interface is

𝑛𝑖 cos 𝜃𝑖+1 + 𝑛𝑖+1 cos 𝜃𝑖
2𝑛𝑖+1 cos 𝜃𝑖+1
𝑀𝑖 =
𝑛𝑖+1 cos 𝜃𝑖 − 𝑛𝑖 cos 𝜃𝑖+1
[
2𝑛𝑖+1 cos 𝜃𝑖+1

𝑛𝑖+1 cos 𝜃𝑖 − 𝑛𝑖 cos 𝜃𝑖+1
2𝑛𝑖+1 cos 𝜃𝑖+1
𝑛𝑖 cos 𝜃𝑖+1 + 𝑛𝑖+1 cos 𝜃𝑖
]
2𝑛𝑖+1 cos 𝜃𝑖+1
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The above transfer matrices are for the ith interface for different incident angle and polarizations.
For the transfer matrix of the ith layer, the reflection coefficient of electric field amplitude is just
zero since light propagates inside the layer and the transmission coefficient is the phase gained by
the propagation. Denoting the transfer matrix of the ith layer as 𝑀𝑖 ′ , we have

𝑀𝑖 ′ = [e

𝑗𝜙𝑖

0

0 ],
e−𝑗𝜙𝑖
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here 𝑗 is the imaginary unit, 𝜙 = 𝑘𝑛𝑖 𝑑𝑖 for normal incident light and 𝜙 = 𝑘𝑛𝑖 𝑑𝑖 / cos 𝜃𝑖 for light
with angel of incidence 𝜃𝑖 .
Once we obtain the transfer matrices of all layers and interfaces, we can get the transfer matrix of
the whole system by multiplying all these transfer matrices one by one, as shown in Eq. 2-22. With
the transfer matrix of the whole system, we can find the transmission T and reflectivity R of the
18

system. Assume one unit of light enters the system from the left side, as shown in Figure 2-13, the
reflection and transmission amplitudes are related by the transfer matrix of the system,

Figure 2-13 One unit of light enters the system from the left side. The reflected and transmitted
light amplitudes are denoted by r and t.

𝑡
1
𝑀1,1
[ ] = 𝑀[ ] = [
𝑀2,1
0
𝑟

𝑀1,2 1
] [ ].
𝑀2,2 𝑟

2-30

Figure 2-14 (a) The schematic diagram of a DBR-Silver cavity. (b) The reflection map
calculated using Transfer Matrix Method.
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Thus,

2

𝑅=

|𝑟|2

2

𝑀2,1
𝑀1,2 𝑀2,1
=|
| , 𝑇 = |𝑡|2 = |𝑀1,1 −
| .
𝑀2,2
𝑀2,2
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Figure 2-14 is the schematic of a DBR-Silver cavity sample structure and the calculated reflectance
dispersion.
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3

CHAPTER THREE

Fabrication Techniques

Figure 3-1 shows a schematic diagram of an organic optical cavity. The multi-layer structure is
produced in four steps. First, we grow a bottom mirror onto the substrate. We use e-beam
evaporation method for metallic mirrors and plasma enhanced chemical vapor deposition (PECVD)
method for DBR mirrors. Second, we mix the dye into the polymer solution. Next, the solution is
spin-coated onto the bottom mirror. Finally, we cover the dye filled organic layer with the top
mirror. Various technique details in sample fabrication are discussed in this chapter, and the
summarized step by step procedure in producing an organic cavity is presented in the last section.

Figure 3-1 The structure of an typical organic cavity.

3.1 Special Notes About the Organic Layer
3.1.1 Concentration Dependence of Organic Dye
Organic dyes possess a variety of emission properties with different concentrations. High
concentration organic dyes are more likely to generate different types of aggregation phenomena.
Crystal center in membrane not only results in membrane surface unevenness, but also creates an
21

additional emission center, which introduces other peaks with different wavelengths in the
emission and absorption spectra. However, Rabi splitting from strong coupling is also
concentration dependent, while anti-crossing is only clearly observed with exciton concentration
higher than a certain percentage. Also, although organic dye’s molecular fraction is much smaller
compared with the background polymer, a dye concentration exceeding a certain amount can also
alter the spin coating thickness. Therefore, it is necessary to conduct a series of tests before
designing the sample in order to find the proper parameters for each specific dye.
The chemical structure of the first BODIPY dye we chose is shown on Figure 3-2. Also, its
absorbance and photoluminescence (PL) spectra are included. The testing solution has a dye
concentration of 0.5 μg/ml with methional being the solvent. Excited by 477 nm laser, the solution
emits bright green light with wavelength 535 nm.

Figure 3-2 The normalized absorbance and fluorescence spectra of BODIPY 0.5 μg/ml in
methanol. The insert is the chemical structure of the dye.
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A high concentration of molecules is required for this dye to realize strong coupling. The Rabi
splitting phenomenon is tested in silver-silver cavity sample at five different dye concentration.
The result indicates a dye concentration higher than 3% is necessary to see a clear Rabi splitting.
The silver-silver cavity sample structure is depicted in Figure 3-3(a). Figure 3-3(b) shows the Rabi
splitting at different dye concentrations. Figure 3-3(c) is the k-space image of white light reflection.
The experimental setup is shown on Figure 3-4.

Figure 3-3 (a) The sample structure of dye filled silver-silver cavity. (b) The change of Rabisplitting by increasing the dye concentration. (c) The k-space image of the polaritons.

In the 3% dye concentration solution, the ratio of the dye mass and the polystyrene solid mass is
3:100. When we use the 10 mg/ml polystyrene (PS) toluene solution to make the 3% dye
concentration solution, 0.3 mg dye is added into every 1 ml PS/toluene solution. Thus, the bodipy
23

dye is at a concentration of 300 𝜇𝑔/𝑚𝑙 in the solution, which is 600 times higher than the low
concentration solution in Figure 3-2. In the after-dry film, the dye concentration increases
substantially, which leads to dye molecular aggregation. In Figure 3-5, the photoluminescence
data of a dye-polystyrene film indicates that the fluorescence exhibits an extra peak at 595 nm due
to molecular aggregation. As shown in Figure 3-6, the red light peaking at 593 nm dominates in
higher concentration samples, while the 544 nm green light main peak dominates in lower
concentration samples.

Figure 3-4 The reflection experimental setup. BS: beam splitter; P: linear polarizer.
f: converging lens; LP: longpass filter.
The PLE test shows the green light emission has a completely different absorption center compared
with red light emission. As shown in Figure 3-7, lower energy absorption dominates in high dye
concentration samples. The additional emission peak makes our cavity design more complicate.
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Figure 3-5 The normalized absorbance and fluorescence spectra of BODIPY disperse in a
polystyrene film with mass ratio 1:10.

Figure 3-6 Fluorescence of BODIPY-polystyrene membrane with different dye concentration.
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Figure 3-7 Photoluminescence excitation (PLE) of BODIPY-polystyrene membrane with
different dye concentration.

3.1.2 Spin Coating Film Quality and Thickness Control
Polymer
Considering their unique solubility of organic dyes, different types of transparent polymers such
as PMMA, Polystyrene and PVA are used to manufacture membranes with flat surface, even
thickness and uniformly distributed dyes. We can choose commercial polymer solution for certain
thickness range, like the widely used PMMA products, or make our own recipe using solid polymer
particles. Homemade polymer solution needs to be stirred and aged for at least 24 hours to achieve
good quality. The spin coating speed ranges from 500 to 5000 rpm to get thickness 10 to 300 nm
for different design purpose. Then we dry the created film at 40°C to 45°C for 2 hours. Instead of
drying the PMMA film as commercial products suggested on 180°C hot plate for 1~2 minutes, we
dry at relatively lower temperature and for longer time to protect the organic dye absorption.
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Figure 3-8 The schematic diagram of the thickness control process.

We can start designing film fabrication after the dye and sample structure are determined. We use
transfer matrix method to calculate the proper thickness of the organic layer. The simulation
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method is discussed in chapter 2. The procedures of making a film with a specific thickness are
demonstrated in Figure 3-8.
The proper polymer and solvent are chosen based on the index of refraction in the sample structure
and the dye and polymer solvability. The refractive index will be discussed in detail in next section.
We then refer to related literature of the dye and polymer to find suitable ratio to make many
recipes of solution for testing.
Dye concentration and polymer concentration are two most important parameters to consider for
making spin-coating solution because they determine the thickness vs spin speed relation. The well
mixed dye-polymer solution will be spin-coated onto a cleaned microscope glass substrate.
Substrate
There are two choices for the substrate--glass and silicon. The silicon substrate can be used for
reflection experiments while the glass substrate can be used for both reflection and transmission
setup. However, the silicon substrate is preferred for reflection experiments because it has less
defects, thus better surface condition. Also, when the signal intensity is too weak, the silicon
substrate improves signal collection since it has low transmission compared with the glass
substrate.
Substrate Cleaning
The substrates cleaning procedure is following. First, wash the microscopic glass substrates using
ultrasonic cleaner in deionized water with detergent for 10 minutes. Next, ultrasonic-wash them in
deionized water, acetone, methanol, and isopropanol (IPA) sequentially. The cleaning time in each
solvent is 10 minutes. Then blow-dry the substrates with nitrogen gun. Finally, apply a 1 minute
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of oxygen plasma treatment using Plasma Asher (PVA Tepla IoN 40). The power setting for
oxygen is 100 watts. We can store the cleaned substrates in a desiccator for future use. The process
is shown schematically in Figure 3-9.

Figure 3-9 The schematic diagram of the substrates cleaning process.

We need to double check the surface of bare substrate or coated mirrors and blow away any visible
dust particles with nitrogen gun before spin coating. Any small dust or a dirty surface will cause
bubbles and “patterns” created by the irregular thickness variation.
The film quality is checked using an optical microscope. If there is visible molecule aggregation,
the dye concentration should be reduced. After a clean film is prepared, we will set several different
spin speeds to set the speed-thickness relation reference, which is determined by the polymer
concentration. The following table shows the relationship under different polymer concentration.
There is a suitable speed range corresponding to a certain polymer concentration. If the spin speed
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is out of the proper range, the film will come out with a rough surface. In that case, we need to
adjust the polymer concentration and redo the reference samples.
Solution Storage
The solvent may volatilize slowly so that the solution does not follow the spin speed—thickness
relation. To avoid this situation, we mark the liquid level before storing the solution and carefully
refill the solvent to the same level before we use it next time. Storing the solution in a refrigerator
with sealing tape can keep it in a good condition for a longer time.
The dye concentration starts to affect the spin speed – thickness relation in film fabrication when
the concentration is relatively high, for example, a mass ratio of 1:1. The data shown below
indicates the various spin speed – thickness relation for different dye concentration. This relation
will also be different for different dye.

RPM
5000
4000
5000
4000

thickness (nm)
spot1
spot2
spot3
dye : poly = 1 : 1
39 39 31 31 30 29
38 33 40 34 34 34
dye : poly = 0.5 : 1
21 25 24 28 26 27
24 25 32 40 35 33

average
33
36
25
31

Table 3-1 The spin-coating thickness.

Thickness Measurement
The thickness of the dye doped matrix is measured by Bruker Dektak-XT Stylus Profiler. With a
scratch made on the film as shown in the photo below (Figure 3-10), we can measure the step
height to obtain the thin film thickness. This system has a repeatability better than 50 nm, in
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another word, the thickness measurement resolution is 50 nm. The profiler can also be used for
checking the surface roughness.
All the thickness data are average values carried out from 3 different spot on the sample.

Figure 3-10 The photo of the stylus profiler and the measured step thickness of the film.

Once the film is in good quality and has proper thickness, we measure its absorbance and emission
for records. Then we use these parameters to spin-coat the film onto the bottom mirror to make the
real sample.

3.1.3 Refractive Index of the Organic Layer
The complex refractive index of the organic layer is denoted as ns(λ) = n (λ) + κ (λ)i. The real part
n indicates the light refraction and the imaginary part κ is related to the absorption, which is also
called extinction coefficient. In the transfer matrix calculation of a multilayer structure, we need
to know both parts of the refractive index of each layer. For our organic layer, the large molecule
polymer serves as a background material to distribute the small dye molecule evenly in the cavity
31

space between two mirrors. The polymer does not absorb the light within the wavelength range
involved in our experiment. So, for polystyrene (PS) and polymethyl methacrylate (PMMA) κ
equals 0 and n depends on wavelength.
We need to find the refractive index for the mixed material where the dye introduces absorption.
The real part refractive index n and imaginary part extinction coefficient κ are related through the
Kramers-Kronig relations.
The extinction coefficient κ can be derived from the absorbance of film as a function of frequency,
and we are able to measure the absorbance of a dye doped polymer film using spectrophotometer.
We can then derive the refractive index n using Kramers-Kronig relations. [43-45]
The following (Figure 3-11) is the measurement of absorbance spectrum for a dye doped PMMA
film on glass substrate and the calculated k and n as function of wavelength (nm).

Figure 3-11 (a) Measured absorbance of dye P605.
(b) Calculation results of n and k for P605
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3.2 Fabrication of Organic Microcavity
3.2.1 Metal-Mirror Microcavity
Bottom Mirror
The bottom metal mirror is deposited on a clean substrate using the e-beam evaporation system
(AJA Orion 8E). When we deposit silver films onto the substrate as bottom mirrors, their
thicknesses are usually 100 to 200 nm. We set vacuum at 10^-7 Torr and high voltage at 7.8 kV.
After the system stabilizes at the set depositing rate, we apply a slow depositing speed at 0.5A/s
for the first 10 nm in order to get a flat enough base. Then increase the speed to 1.5-2A/s for the
rest of this procedure. The reason for taking the two-step depositing speed is that the film surface
would be better. We can also add a thin layer of Ge (2 nm) on top of the film to further reduce the
surface roughness of the Ag film. Also, adding a thin Al2O3 layer (2-3 nm) can protect the silver
not to form oxidation or serve as a spacer between different materials. All these layers can be made
in the same system by switching the source crucibles without opening the vacuum chamber.
The software controls the shutter by the depositing time, which is calculated from the deposition
speed and the desired thickness. The deposition speed is automatically measured by a sensor at a
fixed spot in the vacuum chamber, so the substrates should be loaded to the same height in the
chamber to make sure the thickness calibration is correct. The deposition thickness accuracy is
limited by the height control precision of the sample holder and the substrate thickness fluctuation.
So, we calibrate the thickness for every growth if the film thickness is especially important for the
designed sample structure.
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E-beam Evaporator Thickness Calibration
First, paste a piece of heat resistant tape across the middle of a bare substrate. The tape should be
longer than the substrate so that a handle could be prepared for removing. Or, if we do not use the
tape, we can just draw a thick line with a sharpie marker at the same place. Then add it to the
sample plate together with other substrates as a reference to check thickness later.
Next, after we finish depositing the film, remove the tape carefully with a tweezer, or wash away
the marker ink with alcohol. The silver on top of the substrate is removed.
Finally, we measure the step thickness using a stylus profiler. The details about the stylus profiler
is introduced in section 3.2.2.
The schematic diagram is shown below (Figure 3-12).

Figure 3-12 The schematic diagram of metal layer thickness calibration.

We assume the metal films deposited in a batch have the same thickness. However, usually the
samples on the edge of the sample plate are slightly thinner than the ones in the middle, as we can
see in the photo of the sample plate below (Figure 3-13). We use the metal film grown at the plate
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edge for testing and the ones at the center of the plate for experiment, because of their higher
thickness accuracy.

Figure 3-13 The photo of the e-beam evaporator sample plate.

For a single metal-metal cavity, we usually have a high thickness tolerance for the bottom metal
mirror. However, if other structures are involved to form a multi-structure sample, we need the
highest thickness accuracy.
Organic Layer
Spin-coat the organic dye doped polymer layer onto the top of the silver mirror. The fabrication
details are included in section 3.2. The organic layer should be completely dry before the e-beam
evaporation procedure. Also, before adding the top mirror, the open cavity sample should be stored
with black cover to avoid photofading.
Top Mirror
The top metal layer is then deposited using e-beam evaporator again. A typical silver-silver cavity
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design consists of a 200 nm Ag film at the bottom and a 30 nm Ag film on the top. This structure
is used in dye concentration dependent study and different detuning measurement.

3.2.2 DBR–Metal Based Microcavity
Bottom Mirror
The bottom DBR mirror was fabricated using the Plasma Enhanced Chemical Vapor Deposition
(PECVD) from Oxford Instruments (PlasmaPro NPG80). The alternating layers of silicon nitride
(SiNx) and silicon dioxide (SiO2) are grown on quartz-coated glass substrates. We use silane (10%
sih4 and 90% Ar), ammonia (NH3) and nitrogen (N2) gas flow for growing SiNx and use the
combination of silane (10% SiH4/90% Ar) and nitrogen oxide (N2O) gas for the growth of SiO2.
The parameter settings involved are included in the following table.

Table 3-2 The related parameter settings in bottom DBR mirror fabrication.

PECVD Layer Thickness Calibration
The thickness of each SiO2 and SiNx layer is controlled by the corresponding gas flow and shutter
open times. The procedure of thickness calibration is demonstrated below.
We grow a single layer of SiO2 and a single layer of SiNx on clean silicon wafer. Then measure
the sample reflection and transmission using the thin film analyzer from Filmetrics (model F20),
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the software will compare the results with standard data, and fit to obtain the thickness and
refractive index. Take this measurement at three different locations on the sample to check if the
film is even and flat. Then take the average of thickness to calculate the growth time for a designed
DBR layer. The films used in measurement must be optically smooth and the thickness should be
between 100 Å and 50 μm. In one of our thickness calibration measurement, SiO2 grows for 105.3
nm in 2 minutes and SiNx grows for 74.4 nm in 7 minutes. Since errors accumulate gradually as
the machine operates, there is fluctuation in the thickness that a layer grows in a certain time. We
need to do calibration to ensure the DBR muti-layer structure comes out with the correct thickness.
𝜆

The thickness of the layer equals 4𝑛 , n is the real part refractive index of the material, and with
the calibration data, we can calculate the growth time for each layer in the designed dbr structure.

Figure 3-14 The calculated reflectivity of DBR centered at 530
nm.
For example, to make a DBR with stop band center at 530 nm as shown in Figure 3-14, use the
measured nSiO2 = 1.476 and nSiNx = 2.014 at wavelength 530 nm,
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SiO2

𝜆

530

𝜆

530

=
= 89.77 nm
4 ×𝑛 4 ×1.476

SiNx 4 ×𝑛 = 4 ×2.014 = 65.79 nm
we need a structure consisting of alternating 89.77 nm of SiO2 and 65.79 nm of SiNx, as shown in
Figure 3-15.

tSiO2 =

tSiNx =

89.77
105.3

65.79
74.4

× 2 = 1.705 min = 1 min 42.3 s

× 7 = 6.190 min = 6 min 11.4 s

Then growth time we set for each single layer should be 1 min 43 s for SiO2 and 6 min 12 s for
SiNx.

Figure 3-15 The schematic diagram of a 12 pairs DBR structure.

We also add a cleaning procedure between each layer to remove the residue in the chamber from
the previous layer, which is a different material. The fabrication time depends on the number of
layers of the DBR multilayer structure. Usually, it takes 3 hours to make 12 pairs of DBR, and 14
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hours for 40 pairs of DBR. A greater number of layers provide high reflection such that there is a
‘flat top’ in the reflection spectrum, but there is also a higher risk of generating errors, which leads
to stop band shift. If some layers are thinner than what they should be in the design, there will be
blue shift on the stop band. If some layers are thicker, the stop band red shifts. We typically use
DBRs with larger number of periods for the bottom mirror while we use smaller number of periods
for the top mirror owing to the greater transmission.
Organic Layer
Then spin-cast the organic dye doped cavity layer of the proper thickness on the top of the DBR
mirror. The fabrication details can be found in Section 3.2.
Top Mirror
Finally, deposit an Ag layer with thickness ranging from 30 nm to 60 nm on the top of the organic
film. The higher the thickness, the higher the Q-factor, which improves the possibility to obtain
polariton condensation. However, thicker Ag layers have higher absorption. When the top layer
silver mirror thickness is greater than 60 nm, the signal would be too weak to detect. The metal
mirror fabrication details can be found in section 3.3.1.

3.2.3 DBR-DBR Cavities via Pick and Place
Q-factor
The quality factor (Q-factor) of the cavity is a dimensionless parameter describing how good the
cavity mode confinement is. It also gives the lifetime of the photon inside the cavity. It is defined
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as the cavity resonance frequency or resonance wavelength divided by its full width half maximum
(FWHM).

𝑄=

𝜔
𝜆
=
𝛥𝜔
𝛥𝜆

The cavity mode Q-factor is calculated from white light reflection measurements. Usually the
DBR-DBR cavity consisting of two sets of DBR mirrors as the bottom and top mirror will have
higher Q-factor than the DBR-silver structure with the same DBR material. Figure 3-16 shows the
reflection simulation of an 8 pairs SiO2/SiNx DBR-DBR cavity and a DBR-silver cavity with the
top mirror replaced by a 30 nm silver mirror. The calculated Q-factor of the DBR-DBR cavity
mode is 4 times greater than the DBR-silver structure.

Figure 3-16 (a) The cavity mode of a DBR-DBR cavity with 8 pairs SiO2/SiNx top and bottom
dbr mirrors. The calculated Q-factor is 296. (b) The cavity mode of a DBR-Silver cavity with 30
nm silver top mirror and 8 pairs SiO2/SiNx bottom dbr mirror. The calculated Q-factor is 73.
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In experiments, by increasing the number of layers of the bottom dbr and the thickness of the top
silver mirror, a DBR-Silver organic cavity Q-factor can reach 400 while a dbr-dbr design can
increase the Q-factor to 600.
The absorption spectra of the organic dye are usually much broader than the optical cavity mode.
This will cause a mode broadening effect and the Q-factor of the polariton will be smaller than the
cavity mode of an empty cavity without dye due to the absorption introduced by the dye molecules.
For example, a large negatively detuned DBR-Silver cavity filled with BODIPY/Polystyrene has
40 pairs bottom DBR mirrors and 60 nm thick top silver mirror. The sample structure is shown as
Figure 3-17. From the white light reflection simulation of the same cavity filled with only
transparent polystyrene, the Q-factor of the cavity mode is calculated as 300, while from the actual
measurement of the BODIPY dye filled cavity, the calculation result of the Q-factor of the lower
polariton is about 230. Also, from the same sample PL emission measurement, the Q-factor of the
lower polariton reduces to about 120. This decrease in Q-factor in the presence of the excitons is
due to the absorption losses. The reflection and emission data are shown in Figure 3-18.
Making a cavity with high enough Q-factor is important for realizing polariton condensation
because a higher quality will decrease the intensity threshold for condensation.

Figure 3-17 The sample structure of a negatively detuned DBR-Silver cavity.
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Figure 3-18 (a) Photoluminescence (PL) (b) PL k-space image (c) Reflectance (d) Reflection
k-space image of the lower polariton branch for BODIPY/PS matrix in DBR-Silver cavity.

Two Methods
Now we introduce two experimental methods for dbr-dbr organic cavity fabrication using transfer
stage pick-place method. Instead of growing top DBR on the organic film, stacking the top DBR
mechanically could protect the organic dye because it reduces the chance of damaging from the
heat during growing.
The first way is to cut a small piece of dbr mirror grown by PECVD on thin glass substrate,
carefully flip it over with a fine tip tweezer under microscope, then attach it to the fresh-made
organic film which is spin-casted on the bottom DBR.
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Figure 3-19 The photo of a DBR-DBR cavity sample and its sample structure.

This method is very quick and easy, but there is an obvious disadvantage. The total thickness of
12 pairs of dbr mirror is about 2 μm, even the 40 pairs of dbr could only be less than 7 μm, and the
glass thickness is about 170 μm. So, the adhesion between the dbr surface and the organic layer is
not tight enough to hold the weight of the glass. In addition, we cannot control the tilted angle. So,

Figure 3-20 The k-space image of different spots on the tilted mirror sample.
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the top and bottom mirrors will not be perfectly parallel to each other. Figure 3-19 is a photo of a
tilted top dbr-dbr cavity and the sample structure. It shows the interference fringes caused by the
distance variation in the cavity. Distance variation will also cause detuning change, which results
in anti-crossing center wavelength shift in the k-space white light reflection image (Figure 3-20).
The second way is to cut and pick up a piece of bare dbr from its substrate, then place it down on
to the surface of the organic film using the transfer stage.
The details of each procedure are described below.
First, anneal the DBR at 850 ℃ for 1 hour. Then use a blade to make a scratch on the DBR surface.
The heat will increase the strain in the multilayer structure so the scratch can break some small
pieces of DBR off the glass substrate.

Figure 3-21 The schematic diagram of DBR pick and place.
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We can then choose one piece of DBR with the right size and a good surface condition under
microscope. Take a picture and make a mark at the location of the chosen piece for later use.
Compare the color with the whole piece of DBR to make sure the correct side is facing up. Because
the two layers made of different materials have different refractive index and thickness, the color
of the two sides of the DBR under an optical microscope are usually slightly different. Carefully
flip over the piece with fine tip tweezer if needed. Then cut and attach a piece of
polydimethylsiloxane (PDMS) onto a glass cover slide using double side tape. Attach it onto the
top part of the transfer stage with the PDMS side facing down. Slowly bring it in contact with the
DBR piece and then lift quickly to pick up the small piece DBR. Finally, prepare the bottom DBR
on the substrate and spin-cast the organic layer onto the DBR surface. Then slowly move down
the PDMS on cover slide to bring the small piece DBR in contact with the organic layer on the
bottom DBR. Heat the stack to 85 ℃ and slowly lift the PDMS, leaving the DBR on the surface
of the organic layer. Let it cool down to room temperature before moving. This ensures that the
attachment is permanent.
A schematic diagram of the transfer steps is shown in Figure 3-21. The top DBR made by the
transfer method is more adhesive compared with the cut-and-attach method, and the tilted angle
can be perfectly adjusted using the transfer stage. The problem of this method is that the annealing
will also weaken the DBR inside structure, which will cause noise in the reflection spectrum.

3.3 Step by Step Procedure
Here we summarize procedures in producing an organic cavity:
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Step 1

Make the bottom mirror on clean substrate using PECVD method for DBR structures
and e-beam evaporation for metal mirror.

Step 2

Prepare the dye/polymer solution with proper solvent.
Spin-cast the organic layer on glass substrates to check the film properties and adjust
the solution recipe.
Store the liquid solution under seal.

Step 3

Spin-cast the dye/polymer film onto the bottom mirror.

Step 4

Grow the top metal mirror using e-beam evaporation or mechanically stacking the top
DBR onto the organic layer.
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CHAPTER FOUR

Strong Coupling in BODIPY Microcavity

4.1 Project Introduction
Polariton condensation is a special case of spontaneous coherence that occurs once the polariton
density crosses a threshold. Both polariton Bose-Einstein condensation (BEC) and polariton lasing
can be included in this term. For instance, compared with standard BEC observed in other systems,
polaritons can condense even out of thermal equilibrium. In addition, it can be optically pumped
and carries comprehensive information of polariton states through photoluminescence (PL), which
means easy to “read”. Polariton condensation have been realized in various organic material hosted
microcavity, under room temperature. This provides practical ways for applications such as
quantum simulator.
The polariton laser was first proposed by Imamoglu et al. in 1996.

[46]

Once the pumping power

exceeds the threshold, polariton condensates populate and photons leak out of the microcavity,
which forms a polariton laser spontaneously emitting coherent photons. [1]

Figure 4-1 Thin film absorbance and fluorescence with the chemical structure insertion of (a)
BODIPY and (b) BODIPY-G1.
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In our polariton condensation research, we choose two organic dye molecules to form strong
coupling systems. One is boron dipyrromethene (BODIPY), which is known for its high quantum
yield. The other one is Boron dipyrromethene fluorophore (BODIPY-G1), a dye with the same
parent compound. Strong-coupling cavity polariton is formed by making the dye film in metal
mirrors and DBR-metal mirrors planar cavities. More details of multilayer structure fabrication
can be found in Chapter 3.
The absorbance and fluorescence of BODIPY and BODIPY-G1 in thin films are shown in Figure
4-1 (a) and (b). Their chemical structures are shown in the insertion. This thin film is made by
dispersing the dye into a transparent polystyrene matrix. The dye--polymer mass ratio is 1:10.
The BODIPY fluorescence exhibits an extra peak at 595 nm due to molecular aggregation. This
extra peak dominates in high concentration samples, while the 544 nm green light main peak
dominates in low concentration samples. Since the second peak at 595 nm creates a second
emission center in the system, we make two samples to solve this problem: one (Sample E) is
slightly negative detuned with a red shifted bottom DBR whose high reflection band is centered at
590 nm to block the 595 nm emission inside the cavity. The other one (Sample F) is highly negative
detuned so that the 595 nm peak matches the lower polariton bottom center and contributes to the
polariton PL emission. We use 40 pairs DBR from PECVD growth as bottom mirror and 30-60

Figure 4-2 The schematic diagram of the BODIPY-G1 DBRDBR cavity (Sample G).
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nm silver layer as top mirror for both samples. The sample fabrication parameters are listed in
Table 4-1.
To further improve the cavity quality factor (Q-factor, section 3.2.3) in order to decrease the
polariton condensation threshold, we develop a pick-and-place method to make DBR-DBR cavity.
We also replace the BODIPY dye with a similar BODIPY-G1 dye, which has a concentration
dependent shoulder at the long wavelength side in the polymer film, but the side emission never

Figure 4-3 Fourier space image of the TE-polarized angle-resolved reflectivity for
(a) sample C1 (1% dye concentration) to C10 (10% dye concentration), smaller negative
detuning
(b) sample D1 (1% dye concentration) to D10 (10% dye concentration), larger negative
detuning
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dominates even with a relatively high concentration after the film drying (Figure 4-1b). The
structure of BODIPY-G1 DBR-DBR cavity (Sample G) is shown in Figure 4-2.
Angle-resolved reflectivity and photoluminescence (PL) measurements of each structure show
clear anti-crossing states, which indicates the existence of strong coupling between the cavity
mode and excitons. However, we only observe that the lower polariton PL intensity increases
linearly versus laser power, which means the polariton condensation threshold is not reached. The
reason could be the limitation of the laser peak power and repetition rate, which will be discussed
in Section 4.3. The power dependent results of each structure are shown and discussed in the next
section.

4.2 Results and Discussion
4.2.1 Metal Mirror Microcavity
Silver-silver cavities have lower Q-factor, but their fabrication is quick and easy. So, before
making the DBR cavity samples which is time-consuming, various dye property tests can be done
with the simple silver-silver cavities. In this section, dye concentration and polariton detuning
dependent measurements are carried out with 12 silver-silver cavity samples (Sample C1-10,
Sample D1-10, Sample A and Sample B). The sample parameters are listed in Table 4-1.
Concentration Dependent Behavior
Two sets of silver-silver cavity samples are used to demonstrate the dye concentration dependent
behavior. Sample C1-10 have smaller cavity thickness and D1-10 are thicker. Figure 4-3 shows
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the Fourier space image of the cavity polariton dispersion. The yellow lines display the exciton
wavelength position.

Sample
A
B
C1
C3
C5
C7
C10
D1
D3
D5
D7
D10
E
F
G

Bottom Mirror
Thickness
Material
(nm)
Silver
100
Silver
100
Silver
100
Silver
100
Silver
100
Silver
100
Silver
100
Silver
100
Silver
100
Silver
100
Silver
100
Silver
100
DBR λc=590nm 40 pairs
DBR λc=590nm 40 pairs
DBR λc=495nm 14 pairs

Cavity
Dye
Concentration
10%
10%
1%
3%
5%
7%
10%
1%
3%
5%
7%
10%
10%
10%
10%

Thickness
(nm)
125
111
110
110
110
110
110
125
125
125
125
125
230
263
350

Top Mirror
Thickness
Material
(nm)
Silver
30
Silver
30
Silver
30
Silver
30
Silver
30
Silver
30
Silver
30
Silver
30
Silver
30
Silver
30
Silver
30
Silver
30
Silver
30
Silver
60
DBR λc=495nm 14 pairs

Table 4-1 The sample list.

Figure 4-4 (a) The reflectivity when strong coupling occurs (for a certain incident angle). Data
of sample D1 D3 D5 D7 D10 with 5 different dye concentrations are plotted with offset to show
in one graph. (b) The energy gap between the upper and lower polariton branches at minimum
reflectivity (Rabi splitting), as dye concentration increases.
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Figure 4-4 shows the increasing rabi splitting as the dye concentration changes from 1% to 10%.
At concentration 10%, which means the dye and polymer mass ration is 1:10, rabi splitting is
about 230 meV.
Rabi splitting is proportional to the square root of the oscillator strength. The oscillator strength
defines the probability of absorption or emission of states and is proportional to the dye molecular
concentration, which is also proportional to the number of molecules (𝑁) of the organic dye, thus
Rabi splitting ∝ √𝑁.

Detuning Dependent Behavior

Figure 4-5 The simulation result of reflectivity for the cavity with structure shown in the
insertion, at incident angle of 15°.
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We can tune the cavity mode by changing the cavity thickness. Experimentally, we change the
spin coating parameters to make polymer films with different thickness (details are in Chapter 3).
Figure 4-5 is the simulation result of reflectivity spectrum of the cavity mode with different cavity
thickness at incident angle of 15 degree. We can see the wavelength that has the minimum
reflectivity increasing as the cavity thickness increases.
We use polystyrene as the cavity filling polymer, which has a refractive index around 1.59. To
make the cavity mode dispersion coincide with the exciton absorption wavelength at 532 nm, we
need a cavity thickness of 119 nm, 288 nm, … Thicker cavities with more than one cavity modes

Angle

Angle (degree)

Angle

have narrower reflection dip. The insertions show the sample structure and two line-cut plots at

Wavelength (nm)

Wavelength (nm)

Figure 4-6 (a) The schematic diagram of a Silver-Silver cavity. (b) The measured reflection map
(TE polarization) for two samples with thickness 120 nm -130 nm (Sample A) and 110 nm – 112
nm (Sample B). (c) The calculated reflection map of cavity thickness 110 nm, 120 nm, 130 nm
and 140 nm using Transfer Matrix Method.
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thickness of 119 nm and 288 nm. This means if we make a silver-silver cavity with the middle
layer polystyrene film with thickness 119 nm, the strong coupling anti-crossing will occur at
incident angle of 15 degree. Increase the thickness of the middle layer polystyrene film can move
the anti-crossing center to a larger incident angle.
Figure 4-6 shows the experimental data of angle resolved reflection map (TE polarization) for two
samples with thickness 120 nm -130 nm (Sample A) and 110 nm – 112 nm (Sample B), and the
simulation results of the same structure with cavity thickness 110 nm, 120 nm, 130 nm and 140
nm using Transfer Matrix Method. The experimental data agree with the simulation results. The
reflectivity dip patterns are different because the angle range in calculation (-60° to +60°) is
broader than that of the actual k-space image experimental setup (about -40° to +40°).

Figure 4-7 Reflectivity spectra of Sample A and Sample B at the angel that
anti-crossing occurs.
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Figure 4-8 The power dependent data for Sample A.
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Figure 4-9 The power dependent data for Sample B.
a
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Wavelength (nm)

The rabi splitting is 190 meV for sample A and 200 meV for sample B. Figure 4-7 shows the
reflectivity spectrum at the angel that anti-crossing occurs to calculate the rabi splitting of each
sample.
Figure 4-8 and Figure 4-9 show the lower polariton power dependent photoluminescence of these
two cavities. Both samples exhibit a second emission center at about 590 nm which we believe are
resulted from the dye molecule aggregation. Because only linearly increasing intensity is observed,
we need to improve the cavity quality factor to reduce the polariton condensation threshold.

4.2.2 DBR - Metal Microcavity
Small and Large Negative Detuning
We improve the q-factor of two cavities for the power dependent measurements. These two
cavities have large detuning difference. The reflection dispersion data indicates clear strong
coupling polaritonic states.
The cavity structure of these two devices are shown in Figure 4-10 (Sample E) and Figure 4-11
(Sample F). Sample E is slightly more negative-detuned than Sample F. As shown in Figure 4-11,
the negative-detuning of Sample F is too large so the upper polariton is not visible in the
experimental reflection map due to low contrast, but we can still tell the dispersion curve is the
lower polariton comparing with the pure cavity mode curve. In the simulation reflection map, we
can adjust the image contrast to see the upper branches that are much lighter.
Both samples use a 40 pairs SiO2/SiN DBR on quiz substrate made with PECVD in the ASRC
clean room. The measured 0° reflectivity of the bare DBR is shown in Figure 4-12.
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Angle (degree)

Wavelength (nm)

Angle (degree)

Figure 4-10 (a) The cavity structure of Sample E. (b) The measured and calculated reflection
map of Sample E.

Wavelength (nm)

Figure 4-11 (a) The cavity structure of Sample F. (b) The measured and calculated reflection
map of Sample F.
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Figure 4-12 The measured reflectivity at 0° of the 40 pairs DBR.

Power Dependent PL
The power dependent PL spectrum of 0° incidence and the angle resolved PL map of the lowest

Angle (degree)

PL Intensity (arb. units)

and highest pump power are shown in Figure 4-13 for the smaller detuning Sample E, and in Figure

Wavelength (nm)

Angle (degree)

Normalized Intensity (arb. units)

Wavelength (nm)

Wavelength (nm)

Wavelength (nm)

Figure 4-13 The power dependent data for Sample E.
58

4-15 for the larger detuning Sample F. Sample F has a higher Q-factor due to its thicker top silver
layer (60 nm).
Figure 4-14 and Figure 4-16 show the integral area under the PL peak and the full width at half
maximum (FWHM) of the peak versus laser power for sample E and sample F, respectively. A
zoom-in image of each graph at low pump power is added in Figure 4-16. The relative pump power
is measured using a power meter before the laser beam entering the microscope objective system,
without correction of the losses in optics.
In Figure 4-14, The power dependent photoluminescence (PL) results indicate linear increase of
pumping intensity, which means the polariton condensation threshold is still not reached in this
measurement.
In Figure 4-16, we can see a clear drop of line width and a much faster increase of peak intensity
before 40 𝜇𝑊 , then intensity increases slower and line width broadens again. If polariton
condensation happens, the line width of PL peak should have a sudden drop to below 1 nm.

Figure 4-14 (a) Integrated intensity of the lower polariton emission peak. (b) Line width at
FWHM versus laser pump power of Sample E
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PL Intensity (arb. units)

Angle (degree)

Normalized Intensity (arb. units)

Angle (degree)

Wavelength (nm)

Figure 4-15 The power dependent data for Sample F.

Figure 4-16 (a) Integrated intensity of the lower polariton emission peak. (b) Zoom-in intensity
at low pump power. (c) Line width at FWHM. (d) Zoom-in FWHM at low pump power versus
laser pump power of Sample F.
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4.2.3

DBR - DBR Microcavity

Sample Structure

Figure 4-17 shows the sample structure, the dye emission and absorption spectrum and the DBR

reflectivity. We chose the BODIPY-G1 dye because it has a clean single peak in PL emission in

the high concentration polymer matrix to avoid the complication caused by BODIPY dye extra PL

peaks. We can still see the long wavelength side shoulder with a concentration dependent increase

which could stem from molecule aggregation, but it never dominates up to 10% concentration

which satisfy the demand of strong coupling.

Figure 4-17 The sample structure with the chosen dye emission, absorption spectrum and the
measured DBR reflectivity.
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Different Detuning
We make the sample by dropping a small piece of flipped DBR with glass substrate on top of the
spin cast organic layer. Because of the tilting angle of the dropped DBR piece, we create a cavity
with a varying thickness. Figure 4-18 shows the reflection map measured from different spots on

Angle (degree)

the cavity with a reference spot at the open cavity.

Wavelength (nm)

Figure 4-18 The reflection map measured from different spots on the sample.

Figure 4-19 shows a photo under microscope and the reflection map of another sample with the
same structure. The microscope photo has the colored rings of interaction showing the tilting of
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the DBR piece, and the angle-resolved reflection map measured from spots of different colored

Angle (degree)

area show the wavelength shift from different cavity detuning.

Wavelength (nm)

Figure 4-19 The microscope photo and the reflection map of a DBR-DBR cavity sample.

Power Dependent PL
Figure 4-20 shows the lower polariton PL spectrum at 0° with k-space PL map and reflection map.
The maximum lower polariton PL Q-factor of samples made by this method is calculated to be
395.
The power dependent intensity increase is still linear, and the lowest line width is about 2 nm as
shown in Figure 4-21. The PL peak line width should be less than 1 nm when polariton
condensation lasing occurs.
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Angle
Angle

PL Intensity (arb. units)

Wavelength (nm)

Wavelength (nm)

Figure 4-20 The lower polariton PL spectrum at 0° with k-space PL map and reflection map.

Figure 4-21 (a) Integrated intensity of the lower polariton emission peak. (b) Line width at
FWHM (c) Lower polariton emission peak energy versus laser power of Sample E.

4.3

Summary and Outlook of the Chapter

Now we discuss why we cannot get polariton condensation.
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Comparing the intensity increase and line width change by pump power with a typical polariton
condensation lasing in Figure 22,[47] our result only shows the linearly increasing before the
polariton condensation threshold is reached. We believe the most important limitation is that the
peak power of laser pulse is not high enough, while the repetition rate and pulse width is too high
so the laser heats up and damage the dye molecules before reaching the condensation threshold.

Figure 4-22 Typical polariton condensation: integrated intensity and the corresponding FWHM
linewidth versus pump power. Image adapted from reference. [47]

Thus, we have two ways to approach polariton condensation:
One way is to further improve the q-factor of the cavity to reduce the polariton condensation
threshold. We have developed a better way to apply the pick-and-drop method using a microcontrolling transfer stage. The technical details are introduced in chapter 3 section 3.2.3. Using the
transfer method, we can attach the top DBR permanently without tilting and dirt, thus we can
control the sample fabrication better. Also, we can improve the DBR quality and grow thicker
DBR with more layers to improve the q-factor of the cavity.
The other way is to use a high-power femtosecond pulse laser with much lower repetition rate, so
we can excite the molecules without burning them. Or we can explore other compounds of
BODIPY dye that are more heating resistant.
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5

CHAPTER FIVE
Tamm Plasmons

5.1 Project Introduction
To achieve spatial confinement and manipulate polariton eigenstates, a variety of nanostructures
have been designed and experimentally demonstrated for polariton trapping.

[48,49]

However, the

additional structures complicate the device design and sample fabrication in application.
In this project, we use Tamm plasmons (TPs), which are the surface modes formed at the interface
between a metal and a distributed Bragg reflector (DBR), as a simple design to enhance the
trapping potential.[50] While the conventional surface plasmon polariton formed with TM
polarization can only be generated using prism or diffraction grating, Tamm plasmons can be
formed in both TE and TM polarizations and generated with light directly from air as TPs present
an in-plane parabolic dispersion inside the light cone.
There are several experiments [51,52] demonstrating the strong coupling between TPs and quantumwell (QW) exciton and transition metal dichalcogenides (TMD) exciton. Also, experiments have
discovered that strong coupling between TPs and QW exciton polaritons generates hybrid states.
All these experiments are launched at the cryogenic temperature because of the small binding
energy of Wannier-Mott excitons in QW inorganic semiconductors. [53]
In this project, we experimentally demonstrate strong coupling between TPs and organic cavity
polaritons at room temperature. The TP/cavity polariton hybrid states are characterized by angleresolved reflectivity measurements with both TE and TM polarized light. The energy of these
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hybrid states and be altered by tuning the TPs. The emission from the lowest-energy hybrid states
is observed, and the propagation property of the emitted light is studied based on the nature of
surface wave for TPs.

5.2 Sample Structure
The organic material used here is boron-dipyrromethene fluorescent dye (BODIPY), and the
molecular chemical structure is shown in the inset of Figure 5-1(a). To obtain neat solid films, the
dye is dispersed in a transparent polystyrene (PS) matrix at relatively low concentration to limit
molecular aggregation and luminescence quenching. [47,54]
Figure 5-1(a) shows the absorption and photoluminescence (PL) spectra measured from a 115 nm
thick film consisting of BODIPY dye molecules dispersed in a PS matrix, at a concentration of
10% by mass, and spin-cast onto a quartz-coated glass substrate. The absorption of BODIPY peaks
at 531 nm, corresponding to the (0-0) absorptive vibronic transition, with a (0-1) vibronic replica
observed at 500 nm. The PL maximum is redshifted to 540 nm, and the second emission peak
located around 593 nm is due to both the weakly coupled excimer-like states and the emission
from the (0-1) transition. [47,55]
Figure 5-1(b) represents the schematic of the hybrid microcavity sample, which consists of 6-pair
SiO2/Si3N4 DBR deposited onto quartz-coated glass substrates, and the thickness of the top Si3N4
layer can be varied to tune TPs. Next, a 30 nm thick Ag layer is deposited onto the top Si3N4 layer,
and a BODIPY/PS film is then spin-cast on top of the Ag layer. Finally, the sample fabrication is
completed by depositing a second 30 nm Ag layer on top of the organic film. Fabrication details
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of each layer are discussed in Chapter 3. To compare with cavity polaritons, we also fabricate
metal microcavity by placing the organic film between two 30 nm Ag mirrors.

Figure 5-1 (a) The absorption (red) and photoluminescence spectrum (blue) of a 115 nm thick
film of the BODIPY dye dispersed into a polystyrene matrix. Inset: the chemical structure of
BODIPY. (b) The schematic of the investigated hybrid microcavity structure.

5.3 Results and discussion
5.3.1 Strong Coupling between Tamm Plasmons and Organic Cavity Polaritons
We characterize the momentum-energy dispersion of hybrid states by angle-resolved reflectivity
and photoluminescence (PL) measurements using the Fourier space imaging setup at room
temperature. [56]
Figure 5-2(a) shows the contour map of TE-polarized angle-resolved reflectivity measured for a
115 nm metal cavity (MC), which indicates the anti-crossing dispersion of upper and lower cavity
polaritons (UCP, LCP) in the strong exciton-photon coupling regime. It is worth noting that the

68

(a)

(b)
Energy (eV)

Energy (eV)

Max

UCP

LCP
Min

Angle (degree)

Angle (degree)

(c)

Max

(d)
Energy (eV)

Energy (eV)

Figure 5-2 (a) TE-polarized angle-resolved
reflectivity and (b) photoluminescence map of the
TP
metal cavity (MC).
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Figure 5-3 TE-polarized angle-resolved
(MC) under different pump power: (a) 20 μW, (b) 50 μW, (c) 80 μW, (d) 100 μW.
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Angle (degree)

emission peaked around 593 nm also leaks from the lossy cavity with less intensity. The coupled
harmonic oscillator model is used to fit experimental data and a Rabi splitting of ℏΩR =198 meV
is obtained. The solid black and dashed white curves in Figure 5-2(a) show the uncoupled exciton
and cavity photon dispersion. The solid cyan and red curves tracing the reflection dip in the contour
map show the cavity polariton dispersion. The MATLAB code for plotting the tracing curves can
be found in appendix. The TE-polarized angle-resolved PL in Figure 5-2b follows the dispersion
of lower polaritons, and pump power dependent PL in Figure 5-3 shows the linear increase of
intensity without any change of the polariton dispersion. The red curve indicates the lower
polariton dispersion.
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Figure 5-4 (a) TM-polarized angle-resolved reflectivity map measured for the metal cavity.
Angle-resolved photoluminescence map: (b) 50 μW, (c) 80 μW, (d) 100 μW.
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TM-polarized angle-resolved reflectivity and photoluminescence are showed in Figure 5-4. Due
to the polarization splitting of cavity modes,

[57,58]

the TM-polarized measurements show less

dispersive behaviors of polaritons compared to that obtained with TE polarization. The solid black
and dashed white curves in Figure 5-4(a) show the uncoupled exciton and cavity photon dispersion.
The solid cyan and red curves in Figure 5-4(b) show the cavity polariton dispersion.
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Figure 5-5 Hopfield coefficients |α|2 and |β|2 showing the composition of UCP and LCP
calculated using the coupled two-oscillator model for the metal cavity. (a) TE polarization, (b)
TM polarization. C: cavity photon, Ex: exciton.

Figure 5-6 (a) TE-polarized angle-resolved reflectivity and (b) photoluminescence map of the
hybrid cavity with no top Si3N4 layer (HC1).

71

The Hopfield coefficients |α|2 and |β|2 are shown in Figure 5-5(a) and (b), which represent the
composition of UCP and LCP calculated from the coupled two-oscillator model for the metal
cavity.

Figure 5-7 TE-polarized angle-resolved photoluminescence map measured for the hybrid cavity
with no top Si3N4 layer (HC1) under different pump power: (a) 100 μW, (b) 160 μW, (c) 230
μW, (d) 300 μW.

Figure 5-6(a) shows the contour map of TE-polarized angle-resolved reflectivity for a hybrid
cavity with no top Si3N4 layer (HC1). Two polariton branches are observed referring to the
characterization from the metal cavity shown in Figure 5-2(a), and a third dispersive branch is also
observed in the higher energy region, which overlaps with the calculated uncoupled Tamm
plasmons (TPs) dispersion traced by the dashed blue curve in Figure 5-6(a). This implies TPs have
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no strong coupling with both upper (UCP) and lower cavity polaritons (LCP), and their dispersion
are independent from each other. The solid black line is the uncoupled exciton and the dashed
white line shows the cavity photon dispersion. The solid cyan and red curves show the cavity
polariton dispersion. The TE-polarized angle-resolved PL in Figure 5-6(b) follows the dispersion
of lower cavity polaritons.

Figure 5-8 (a) TM-polarized angle-resolved reflectivity map measured for the hybrid cavity with
no top Si3N4 layer (HC1). The solid black, dashed white, and dotted blue curve show the uncoupled
exciton, cavity photon, and Tamm polariton (TP) dispersion, respectively. The solid cyan and red
curve show the cavity polariton dispersion. Angle-resolved photoluminescence map: (b) 100 μW,
(c) 160 μW, (d) 230 μW.

The pump power dependent PL for the same sample (HC1) is in Figure 5-7, and the TM-polarized
angle-resolved reflectivity and photoluminescence are showed in Figure 5-8.
73

Increasing the thickness of the top Si3N4 to 30nm (HC2) red shifts the energy of TPs, which can
strongly couple with cavity polaritons, as shown in Figure 5-9(a). This modifies both TPs and
cavity polariton dispersion relations and linewidths of the original modes, leading to the
dispersion relations of new hybrid states referred as upper, middle, and lower hybrid polaritons
(UHP, MHP, and LHP). The hybrid polariton dispersion extracted from the reflectivity minima
can be fitted by a coupled three-harmonic oscillator model given by [59]
𝐸𝑇𝑃
[ 𝑉1
0

𝑉1
𝐸𝐶
𝑉2

𝛼
0 𝛼
𝑉2 ] [𝛽 ] = 𝐸 [𝛽 ]
𝛾
𝐸𝑒𝑥 𝛾

(1)

where ETP and EC are the TP and cavity mode dispersions. Eex is the uncoupled exciton energy, V1
and V2 are the coupling strengths of the cavity photons to TP mode and excitons, and |α|2, |β|2, and
|γ|2 are the Hopfield mixing coefficients representing the fractional contribution of each component
(Figure 5-14). E are angle-dependent hybrid polariton eigenenergies, which are represented by the

Figure 5-9 TE-polarized angle-resolved reflectivity and photoluminescence map of :
(a), (b) hybrid cavity with a top Si3N4 layer of 30 nm (HC2);
(c), (d) hybrid cavity with a top Si3N4 layer of 50 nm (HC3).
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solid cyan, orange, and red curves in Figure 5-9(a). The cavity dispersion is approximated by EC(θ)
= E0(1-sin2θ/n2eff)-1/2, where E0 is the cavity cut-off energy, and neff is the effective refractive index
of metal cavity. Figure 5-14(a) shows that LHP has a small fraction of TP component, while the
fraction of exciton component in UHP is insignificant.
The values of all fitting parameters are summarized in Table 5-1. For HC1, as Tamm polaritons
are far off resonant with cavity polaritons, there is no strong coupling. So, the cavity polariton
dispersion is also fitted using a coupled two-oscillator model. For HC2 and HC3, a coupled threeoscillator model is used. The substantial difference of the effective refractive index neff between
TE and TM polarization is due to the large polarization splitting of metal cavity. [60]

Figure 5-10 TE-polarized angle-resolved photoluminescence map measured for the hybrid
cavity with a 30 nm top Si3N4 layer (HC2) under different pump power: (a) 100 μW, (b)
160 μW, (c) 230 μW, (d) 300 μW.
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Figure 5-11 TE-polarized angle-resolved photoluminescence map measured for the hybrid
cavity with a 50 nm top Si3N4 layer (HC3) under different pump power: (a) 100 μW, (b)
160 μW, (c) 230 μW, (d) 300 μW.

The solid cyan, orange, and red curves in Figure 5-9(a) and (c) represent the calculated hybrid
polariton dispersion using a coupled three-harmonic oscillator model. The dashed blue curve in
(a) and (c) represent the uncoupled Tamm plasmon dispersion. When increasing the thickness of
the top Si3N4 to 50nm (HC3), there is a greater red shift of TPs, as indicated by the dashed blue
curve in Figure 5-9(a). Comparing with 30nm-Si3N4 hybrid cavity, the fractions of TP component
in LHP and exciton component in UHP increase in Figure 5-14(b); accordingly, the hybridization
becomes more significant, demonstrating the existence of the hybrid states of TPs and microcavity
exciton polaritons as a result of strong coupling. Figure 5-9(b) and 5-9(d) show TE-polarized
angle-resolved PL measured from the HC2 and HC3 hybrid cavities, indicating the angle-resolved
PL follows the dispersion of LHP.
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Cavity
Structure
MC
HC1
HC2
HC3

𝐸0 (𝑒𝑉)
TE
TM
2.27
2.28
2.27
2.28
2.34
2.35
2.40
2.41

𝑛eff
TE
1.66
1.66
1.76
1.74

𝑉1 (𝑚𝑒𝑉)
TE
TM

TM
2.88
2.88
3.63
3.31

134
127

𝑉2 (𝑚𝑒𝑉)
TE
TM
98.9
97.4
98.9
97.4
87.6
87.4
86.4
85.5

132
129

Table 5-1 Parameters for the coupled oscillator model used to fit polariton dispersion of metal
cavity (MC), hybrid cavity HC1, HC2, and HC3. For MC, a coupled two-oscillator model is used.
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Figure 5-14 TE-Polarization Hopfield coefficients |α| , |β|2, and |γ|2 showing the
composition of UHP, MHP, and LHP calculated using the coupled three-oscillator
model.(a) HC2 with a top Si3N4 layer of 30 nm; (b) HC3 with a top Si3N4 layer of 50
nm. TP: Tamm polariton; C: cavity photon; Ex: exciton.
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Figure 5-15 TM-Polarization Hopfield coefficients |α|2, |β|2, and |γ|2 showing the composition of
UHP, MHP, and LHP calculated using the coupled three-oscillator model. (a) HC2 with a top
Si3N4 layer of 30 nm; (b) HC3 with a top Si3N4 layer of 50 nm. TP: Tamm polariton; C: cavity
photon; Ex: exciton.

Figure 5-10 and Figure 5-11 are the TE-polarized PL under different pump power, while Figure
5-12 and Figure 5-13 show the TM-polarized angle-resolved reflectivity map and PL map of
those two cavities.
The calculated Hopfield coefficients |α|2, |β|2, and |γ|2 of TE-polarization and TM-polarization are
shown in Figure 5-14 and Figure 5-15.

5.3.2 Propagation Property of the Hybrid Polaritons
The space propagation of polaritons is investigated by real-space photoluminescence (PL)
measurements in the wavelength (energy) domain at room temperature. Figure 16(a) shows the
typical wavelength-resolved propagation contour map of the polariton emission measured from
the hybrid cavity with a 50nm top Si3N4 layer (HC3). We compare the PL intensity profile at the
wavelength of 555 nm from the bottom of lower polariton for different cavities in Figure 16(b),
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and fit the experimental data using bi-exponential function. Table 5-2 lists the fitting constants of
the propagation length for neat film, metal cavity (MC), hybrid cavity with no top Si 3N4 layer
(HC1), hybrid cavity with a 30nm top Si3N4 layer (HC2), and hybrid cavity with a 50nm top Si3N4
layer (HC3). The unit of the propagation lengths is micron.

λ
Sample
Film
MC
HC1
HC2
HC3

540 (nm)

545 (nm)

550 (nm)

555 (nm)

0.74
1.63
0.91
2.02
2.81

0.74
1.74
1.17
4.20
4.66

0.73
1.55
1.51
4.33
5.24

0.72
1.71
1.59
4.83
6.35

Table 5-2. The fitting constants of the propagation length for neat films.

The larger fitting constants are 1.71, 1.59, 4.83 and 6.35 μm for the metal cavity (MC), hybrid
cavity with a top Si3N4 layer of 0 nm (HC1), 30 nm (HC2), and 50 nm (HC3), respectively. Since
the lower polariton bottom of HC1 has no TP component, the fitting constant of the propagation
length is close to that obtained from MC. As the fraction of TP component increases, the
propagation length of the lower hybrid polariton increases for HC2 and HC3.
This is also verified by comparing the propagation length at different emission wavelengths for
HC3, as shown in Figure 16(c). According to the polariton dispersion in Figure 9(c) and 9(d) and
the calculated component fraction for hybrid polaritons in Figure 14(b), the TP fraction in lower
hybrid polaritons decreases as the emission wavelength (energy) becomes shorter (higher), and
consequently the propagation length keeps decreasing.
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5.4 Simulation and Fitting Methods
5.4.1

Electric-field-intensity Distribution Profile Simulation

To better understand the experimental observation of reflectivity from different cavities, the
wavelength-resolved electric-field-intensity distribution is simulated using transfer matrix method.
Figure 5-17 shows the simulated profile of electric-field-intensity distribution for both metal cavity
and hybrid cavity filled with a 115 nm non-absorbing polystyrene layer at normal incidence. For

Figure 5-16 (a) Wavelength-resolved polariton propagation in the real space from the
HC3 hybrid cavity. (b) PL Intensity profiles (logarithmic scale) of polariton propagation
at the wavelength of 555nm from the bottom of lower polaritons for different cavities.
(c) PL Intensity profiles of polariton propagation at different wavelengths for HC3.
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the metal cavity, as shown in Figure 5-17(a), the electric field is enhanced in the cavity mode of
530 nm. For HC1, the electric field of the cavity mode (~530 nm) is locally enhanced within the
cavity, while the electric field is locally enhanced at the interface between the intermediate Ag
layer and DBR for the TP mode of 450nm (Figure 5-17(b)), indicating very weak interaction. After
red-shifting TP mode by inserting a 30 nm Si3N4 layer between Ag and DBR (HC2), we can
observe the electric field enhancement of two modes (~470 and 540 nm) within the metal cavity
and at the Ag/Si3N4 interface (Figure 5-17(c)), which is caused by the strong coupling between
cavity mode and TP.
Figure 5-17(d) illustrates the corresponding profile of the electric-field-intensity distribution for a
hybrid cavity with a 50 nm Si3N4 layer (HC3). Again, two modes (~500 and 550 nm) have

Figure 5-17 Simulated profiles of the electric-field-intensity distribution for cavities filled
with 115 nm PS layer. (a) Metal cavity, (b) HC1 with no top Si3N4 layer, (c) HC2 with a
30 nm top Si3N4 layer, (d) HC3 with a 50 nm top Si3N4 layer.
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enhanced electric field both within the metal cavity and at the Ag/Si3N4 interface. Compared to
the results from HC2, each mode of HC3 has closer electric field intensity within the metal cavity
and at the Ag/Si3N4 interface, which means the TP mode is more resonant with the cavity mode in
HC3 at the particular angle (normal incidence) studied.

Figure 5-18 shows the simulated profile of electric-field-intensity distribution for both metal cavity
and hybrid cavity filled with a 115nm BODIPY/PS layer at normal incidence. For the metal cavity,
as shown in Figure 5-18(a), the electric field is enhanced in both upper and lower polariton modes
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Figure 5-18 Simulated profiles of the electric-field-intensity distribution for cavities filled
with 115 nm BODIPY/PS layer. (a) Metal cavity, (b) HC1 with no top Si3N4 layer, (c) HC2
with a 30 nm top Si3N4 layer, (d) HC3 with a 50 nm top Si3N4 layer.
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is locally enhanced within the metal cavity, while the electric field is locally enhanced at the
interface between the intermediate Ag layer and DBR for the TP mode of 450nm (Figure 5-18(b)).
Compared to stand-alone metal cavity, there is no energy difference of cavity polariton modes in
HC1, and TP mode is also unchanged comparing with that calculated in the PS-filled HC1. So
there is no strong coupling occurrence between cavity polariton and TP. Figure 5-18(c) shows the
electric field distribution for HC2 with a 30 nm Si3N4 layer between Ag and DBR, the field
enhancement of three modes (~475, 516 and 555 nm) are observed, which correspond to upper,
middle, and lower hybrid polariton, and are caused by the strong coupling between cavity polariton
and TP. Figure 5-18(d) illustrates the electric field distribution for a hybrid cavity with a 50 nm
Si3N4 layer (HC3). Also, these two modes (~485 and 555 nm) have significantly enhanced electric
field, which correspond to the upper and lower hybrid polariton. The field enhancement of the
middle hybrid polariton is less visible at normal incidence, which agrees with the experimental
observation in Figure 5-9(c) in section 5.3.1.

5.4.2 Exponential Fitting for the Real-space PL Intensity Profile
The wavelength-resolved real-space PL intensity data from all the samples are fitted using
exponential decay functions. When the fitting starts from the PL peak, no good fitting can be
obtained no matter how many exponentials are used. We believe this is due to the different decay
behaviors at the very beginning of the propagation, where the PL peak is from the local illuminated
area determined by the pump beam spot. As the propagation property is principally dominated by
the long decay tail of the PL intensity profile, it is reasonably practicable to do a tail fit starting
from the PL intensity of around 40% of the PL peak.
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λ
Sample

540 (nm)

545 (nm)

550 (nm)

555 (nm)

Film

L= 0.67 μm

L= 0.65 μm

L= 0.66 μm

L= 0.66 μm

MC

L= 1.63 μm*

L1= 0.68 μm
L2= 1.74 μm

L1= 0.62 μm
L2= 1.55 μm

L1= 0.49 μm
L2= 1.71 μm

HC1

L1= 0.35 μm
L2= 0.91 μm

L1= 0.41 μm
L2= 1.17 μm

L1= 0.42 μm
L2= 1.51μm

L1= 0.42 μm
L2= 1.59 μm

HC2

L1= 0.68 μm
L2= 2.02 μm

L1= 0.80 μm
L2= 4.20 μm

L1= 0.75 μm
L2= 4.33μm

L1= 0.74 μm
L2= 4.83 μm

HC3

L1= 0.58 μm
L2= 2.81 μm

L1= 0.66 μm
L2= 4.66 μm

L1= 0.63 μm
L2= 5.24 μm

L1= 0.64 μm
L2= 6.35 μm

Table 5-3. Fitting constants of the propagation length for neat film, metal cavity (MC), hybrid
cavity HC1, HC2 and HC3. The data of neat film are fit using one-exponential function. For all the
cavity samples, the data are fit using bi-exponential function. *One-exponential is used as biexponential fitting gives two equal fitting constants.
One-exponential function can well fit the PL intensity data from the BODIPY/PS neat film spincast on 30 nm Ag coated glass, as shown in Figure 5-19, and the fitting constant (~0.66 μm) is
almost the same for those PL profiles at different wavelengths studied. For all the cavity samples,
bi-exponential function is used to fit the PL intensity data, as listed in Table 5-3. The first
exponential fitting constant from all the cavities is always smaller than 0.8 μm, which is close to
the fitting constant (~0.66 μm) from the neat film, while the second exponential fitting constant
with larger values vary with different cavities. As the second exponential can trace the longer tail
of PL intensity profile from those cavity samples, the second fitting decay constant (larger) can be
used to interpret the propagation length of cavity polariton from metal cavity (MC) and hybrid
polariton from hybrid cavity (HC). Also, bi-exponential function is tried to fit the 540 nm PL data
from MC, resulting in two equal fitting constants. So, one-exponential function is used, which
gives the same fitting constant of ~1.63 μm given in Table 5-3.
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Figure 5-19 PL Intensity profiles of polariton propagation fit using oneexponential at different wavelengths from a 115 nm BODIPY/PS neat film.

5.5

Optical Spectroscopy Characterization Experiments

5.5.1 Angle-Resolved Reflectivity Measurements
As shown in Figure 5-20, a broadband of white light from tungsten halogen lamp is focused onto
the sample by a 50x objective with a high numerical aperture (NA=0.8). The reflected signal is
collected by the same 50x objective, covering an angular range of ±53.1o.
Using a converging lens with long focal length, the angle-resolved reflectivity is measured by the
deflection using the spectrometer (Princeton Instruments, Acton SpectraPro SP-2500) and chargecoupled device (CCD) camera (Princeton Instruments, PIX 1024B). The polarization is determined
by a polarizer (P).
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Figure 5-20 The schematic of the optical spectroscopy characterization setup for Angle-resolved
reflectivity in k space. BS: beam splitter; HWP: half-wave plate; P1, P2: linear polarizer; f:
converging lens.

Figure 5-21 The schematic of the optical spectroscopy characterization setup for
photoluminescence in k space. BS: beam splitter; HWP: half-wave plate; P1, P2: linear polarizer;
f: converging lens; LP: 500 nm longpass filter.
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5.5.2 Angle-resolved PL measurements
A fiber-coupled CW blue diode at 462 nm with a laser line filter is used to excite the sample. The
pump beam is focused onto the sample using the 50x objective (NA=0.8) with a spot size of 5 μm
in diameter. The emission signal is collected by the same 50x objective. A 500 nm long-pass filter
(LP) is used to block the residual excitation beam, as shown in Figure 5-21. A combination of halfwave plate (HWP) and polarizer (P1) are used to determine the polarization of incident beam. We
obtain polarization and pump-power dependent measurement results by continuously vary the
pump power.

Figure 5-22 The schematic of the optical spectroscopy characterization setup for wavelengthresolved PL in real space. BS: beam splitter; HWP: half-wave plate; P1,2: linear polarizer; f:
converging lens; LP: 500 nm longpass filter; CCD: Spectrometer CCD camera.
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5.5.3 Propagation Property Measurements
To investigate the propagation property, as shown in Figure 5-22, the converging lens f1 is
replaced by lens f2 with a short focal length so that the real plane locates onto the slit of the
spectrometer. The space image of the wavelength-resolved emission from the sample is recorded
using the CCD camera. [61]

This part is jointly completed by Dr. Bin Liu and myself. [72]
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6

CHAPTER SIX

Surface Plasmon Polariton

6.1 Project Introduction
Delocalized excitonic states as well as coherent coupling between them have been predicted to
play a key role in efficient energy transfer processes seen in nature such as in photosynthesis.
Additionally, through strong light-matter coupling, the effect of material disorder is also expected
to be averaged out. [62] The combination of these effects helps realize long range excitonic transport
and their harvesting in these disordered systems. To realize long range propagating polaritons, we
can utilize the surface modes that arise at the metallic surface.
6.1.1 SPPs and Strong Coupling
Surface plasmons are electrons oscillating at the interface of two media with negative and positive
dielectric constant. Electromagnetic waves associated with the electron motions are propagating
along the in-plane directions of the interface.
We can excite surface plasmon polaritons (SPPs) with incident photons whose frequency and
momentum match the surface modes. When the interaction between plasmon and dye emitter
dominants the system damping, SPPs can be formed in strong coupling regime. [63-65]
Anti-crossing with large Rabi splitting in the mixed states dispersion is a characteristic evidence
of the present of strong coupling, which can be checked using the k-space image of the angleresolved reflection measurement.
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6.1.2 Long Range Energy Transfer between Donor and Acceptor
Other than the Fӧrster type transfer through dipole-dipole interactions within an average distance
smaller than 10 nm, the long range non-radiative energy transfer is unlikely to occur in a donoracceptor system from the organic dye as donor to the other dye with absorption at lower energy as
acceptor. [66-68] The absorption and emission of these two organic dye dispersing in thin polystyrene
films are giving in Figure 6-1. The dye with higher absorption energy is Pyrromethene 567A
(P567A) being the donor, and Pyrromethene 605 (P605) is the acceptor.

1

0
1

0.5

Normalized fluorescence

Normalized absorption

0.5

0

Wavelength (nm)

Figure 6-1 (a) The photo of the dye filled polystyrene film on glass substrate. (b) Absorbance and
PL emission of these two dyes with the chemical structure of the dyes in insertion.

6.1.3 Oil Immersion Objective
There is an issue of the surface modes out-coupling because the surface state is below the light
line. States below the light cone cannot be excited by incident light from air and cannot be detected
directly, hence we need prism or oil immersion objective to see the modes. For light with a given
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frequency, it must enter the system from a medium with index of refraction greater than 1 so that
the wave vector is larger than

𝜔
𝑐

to excite these states, where c is the light speed in vacuum. [69]

Figure 6-2 shows the dispersion relation of a typical surface plasmon which lies below the light
line. [70] The black solid curve is the surface plasmon dispersion, and the blue solid straight line is
the light line in air. The direct excitation from far field light is not possible. Changing the index of
refraction of the incident medium can lower the light line to make the modes visible. We can attach
a prism or use immersion oil with higher refractive index to change the incident and outgoing
condition.

Figure 6-2 A typical surface plasmon dispersion relation.

Figure 6-3 is a schematic of prism and lens with oil immersion excitation and collection set-up.
For angle-resolved measurements, adding oil immersion to the Fourier k-space imaging system
can increase the visible k range to out of the light cone with one single detection. Figure 6-4 shows
the simulation and measured reflection map of the surface plasmon on silver surface. When the
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incident light is from air (n=1), the surface mode is not visible. When the incident light is from oil
with n=1.5, the surface modes are visible.

Figure 6-3 The schematic diagram of (a) prism and (b) oil immersion lens.

Figure 6-4 (a) Calculated and (b) measured reflection map of the surface mode on silver.

6.2 Experiments and Discussion
We have demonstrated the formation of surface plasmon polaritons (SPP) that arise through the
coupling between excitons and the surface plasmon states at the silver surface. The experiments
were carried out using organic dye P567A, P605 and their blend as the excitonic materials.
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6.2.1 Energy Transfer from Donor to Acceptor
Energy transfer is observed between the dye P567A as Donor and dye P605 as Acceptor. Figure
6-5 shows the real counts of absorption and emission for dye dispersing in the PMMA thin film.
P567A (acceptor), P605 (donor) and 1:1 mixed blend of the two dyes are mixed with PMMA 10%
solvent and spin casted on thin glass substrates. All samples have the same film thickness 26 nm
~31 nm measured on different spots and with the same total dye concentration defined by
dye/polymer mass ratio as 3:10, which means for the blend we have acceptor/donor/polymer mass
ratio as 1.5:1.5:10.
The blue line in absorption data shows that the acceptor has absorption peak at 530 nm and the
yellow line is for the donor at 560 nm. The red line is the membrane absorbance of the blend
3 3

: : 10. It indicates that the absorbance of the

2 2

Absorbance ( O. D.)

sample with donor/acceptor/polymer mass ratio

PL Intensity (arb. units)

Wavelength (nm)

Wavelength (nm)

Figure 6-5 Real counts of absorption and emission for P567A (acceptor), P605 (donor) and
1:1 mixed blend in PMMA membrane.
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blend layer is a half of acceptor film absorbance plus the donor film absorbance, which agrees with
the mass ratio of each sample. In the emission spectrum, we can see that the donor (yellow line)
has stronger emission intensity than the acceptor (blue line). If there is no energy transfer between
these two dyes, we should see a broader peak as sample combination of the two dyes as the blend
emission peak, similar as the absorption. However, the PL emission of donor is significant
inhibited and acceptor luminescence is simultaneously enhanced in the blend sample (red line),
which means that energy transfer from donor to acceptor occurs in the blend sample.

6.2.2 Strong Coupling Surface Plasmon Polariton
The strong coupling between surface plasmon modes on the silver surface and the dye excitons in
PMMA matrix is indicated using k-space image technic with an oil immersed objective.
A schematic of the sample structure, the experimentally observed dispersion, and the transfer
matrix calculation results for the acceptor dye P605, is shown in Figure 6. With the appropriate

Figure 6-6 (a) The sample structure of acceptor P605. (b) Measured reflection map using oil
immersion objective of acceptor P605. (c) Calculated reflection map with oil input and output
of acceptor P605
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structure parameters, we can realize hybrid states of the surface plasmons on the silver mirror and
the donor excitons.
The refractive index real part n and imaginary part k of the two dyes used in Transfer Matrix
Calculations are generated from the measured absorbance of the dye/polymer membrane using the
Kramers-Kronig relation [71] calculation. Figure 7 are the plots of the calculated n and k for both

n and k

dyes.

Wavelength (nm)

Wavelength (nm)

Figure 6-7 Calculation results of n and k for P567A and P605.

6.2.3 Donor-Spacer-Acceptor Sample Design and Fabrication
Multi-layer structures are designed and fabricated to demonstrate the energy transfer distance limit
when the strong coupling between surface modes and excitons exists. Figure 6-8 shows a
schematic diagram of donor-spacer-acceptor structures.
The spacer is made by transparent PVA that is dissolvable in water, while the donor and acceptor
layers are dissolvable in anisole. We use polymer with different polarities to avoid interpenetration
between layers.
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Figure 6-8 The donor-spacer-acceptor structure.

Figure 6-9(a) is a microscope image showing the penetration of dye in the 15 nm spacer sample.
The emission data of the blend sample in Figure 6-9(b) shows the inhibited donor emission and
the enhanced acceptor luminescence, which confirms the spacer does not stop the dye contact. The
reason for dye penetration may be that the bottom dye layer is not completely dry when we spin
cast the spacer layer. We need to improve the multilayer fabrication.

Figure 6-9 (a) The microscope photo of the penetration pattern. (b) The PL emission of the
Donor-15nm spacer-Acceptor sample.

6.3 Summary of the Chapter
In this project, we want to prove that the transfer distance can be enhanced and exceed the Fӧrster
limit if the emitter is strong coupled with surface modes.
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For this purpose, firstly we choose the proper dyes and present the evidence that the energy transfer
exists. Next, we add a silver mirror with a certain thickness that the surface mode matches the
absorption of these two dyes and demonstrate the characteristic anti-crossing of strong coupling
between each dye emitter and the surface modes.
Then we attempt to add a PVA spacer layer between the donor and acceptor layers and increase
the spacer layer thickness until energy transfer ceases. However, in the multi-layer structures made
by direct spin coating, there is dye penetration through layers. We need to improve the fabrication
procedure.
Finally, we will combine the donor-spacer-acceptor structure with the silver layer and change the
spacer thickness to show how the distance limit for energy exchange is enhanced by strong
coupling.
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7

CHAPTER SEVEN
Summary

This thesis is focused on organic molecular materials in the strong coupling regime. In chapter 2,
we introduce the background of light-matter interaction and strong coupling polaritons as well as
the experimental and simulation methods used in this thesis. Chapter 3 presents the technical
details of producing a multi-layer organic cavity, with a summarized step by step procedure. We
develop simple methods for making DBR-DBR cavity via “pick and place” to improve the quality
factor of the cavity. In chapter 4, we choose two organic dye molecules to achieve polariton
condensation and lasing in the strong coupling regime. The angle-resolved reflectivity map
measured for metal mirrors, DBR-metal and DBR-DBR cavity samples indicate the anti-crossing
dispersion of upper and lower cavity polaritons in the strong exciton-photon coupling regime. The
power dependent PL of each device only shows a linear increase, which indicates that the polariton
condensation threshold is not reached. We have two ways to approach polariton condensation. One
is to further improve the Q-factor of the cavity to reduce the polariton condensation threshold. The
other is to use a high-power femtosecond pulse laser with repetition rate 1 kHz or lower, so we
can excite the dye molecules without inducing exciton-exciton annihilation issues. In chapter 5,
we use Tamm plasmons (TPs), which are the surface modes formed at the interface between a
metal and a distributed Bragg reflector (DBR), as a simple design to enhance the polariton
propagation [6]. Tamm plasmons present an in-plane parabolic dispersion inside the light cone so
TPs can be generated directly without prism or diffraction grating. We experimentally
demonstrated strong coupling between TPs and organic cavity polaritons at room temperature. The
TP/cavity polariton hybrid states are characterized by angle-resolved reflectivity measurements
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with both TE and TM polarized light and demonstrated enhanced propagation distances. In chapter
6, we discuss how the energy transfer distance is enhanced by the strong coupling polaritons in a
donor-acceptor system formed by two organic dyes. In this system, the emitter is strong coupled
with surface modes that arise at the metallic surface to form the long-range propagating polaritons.
The strong coupling between surface plasmon modes on the silver surface and the dye excitons in
PMMA matrix is indicated using Fourier (k-space) imaging technique with an oil immersion
objective. The future work is to add a spacer PVA layer to increase the transfer distance and show
how the distance limit for energy exchange is enhanced by strong coupling.
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APPENDIX
MATLAB Code for Plotting the Intensity Dip Curves in a 2D Contour Map
%% Tracingcurve.m
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%% input data
clear all;
load Tracingcurve-example-data.mat;
%
%
%
%
%

data: Intensity data are in 2D matrix. The first index corresponds to
angle/pixel/k (row), and the second index corresponds to wavelength
(column).
wavelength: The input wavelength is a 1D vector. Its unit is nm.
angle/pixel/k: The input angle/pixel/k is a 1D vector.

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%% set data range
i_wavelength = 1505; f_wavelength = 2200;
%
Select the wavelength and angle/pixel/k range that includes only one
%
intensity dip curve.
% i_angle = -40; f_angle=40;
i_pixel = 220; f_pixel = 770;
% i_k = -1; f_k = 1;
step = 20;
range = 50;
%
Number of
%
intensity
%
but (mm %
cannot be

% Step of pixel for the tracing curve.
data points of the wavelength range around the minimum
spot for fitting. It can be adjusted for better fitting,
range) cannot be smaller than i_wavelength, and (mm + range)
larger than f_wavelength.

% dataT = data';
%
Transpose the data matrix if the edge of the intensity dip curve is
%
almost vertical, to get a better tracing line.
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%% select data
data1 = data(i_pixel:f_pixel, i_wavelength:f_wavelength);
%
Select data within the range.
% dataT1 = dataT(i_wavelength:f_wavelength,:);
%
when data is transposed
wavelength1 = wavelength(i_wavelength:f_wavelength);
pixel1 = pixel(i_pixel:f_pixel);
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
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%% start fitting
[mm,index1]=min(data1,[],2);
%
For a certain angle, locate the index of wavelength that has the
%
minimum intensity.
% [mm,index1]=min(dataT1,[],2);
%
When data is transposed, for a certain wavelength, locate the index
%
of angle that has the minimum intensity.
w1=[];p1=[];
for i = 1:step:length(pixel1);
% for i = 1:length(wavelength1);
% When data is transposed
y=data1(i,(index1(i)-range):(index1(i)+range));
x=linspace(index1(i)-range, index1(i)+range, 2*range+1);
% x=x';
%
When data is transposed, also transpose x. x and y vectors must be
%
the same size.
p = polyfit(x,y,3);
%
Polyfit to find the better wavelength of the intensity dip.
yy=p(1)*x.^3+p(2)*x.^2+p(3)*x.^1+p(4)*x.^0;
% figure;scatter(x,y);hold on; plot(x,yy,'color',[0,0,0]);
%
Plot the fitted curves for error check.
[mm2,index2]=min(yy);
%
Locate the new index of wavelength at the bottom of the fitted curve.
index3=index2+x(1)-1;
w1=[w1; wavelength1(index3)];
p1=[p1; pixel1(i)];
end
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%% plot
figure;imagesc(wavelength,pixel,data);
%
Plot 2D map from original data.
hold on;plot(w1,p1,'color',[1,1,1]);
%
Plot the tracing curve of intensity dip on top of the 2D map.

Figure A-1 The tracing curve on the 2D contour map of example data.
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